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FOREVORD

The Hydrofcil Materials Research Program was initiated in
March, 1961 by the Navy Department Bureau of Ships under contract NCbs
84593. A Phase I report was published in June, 1961 presenting the results
of an extensive literature survey of available data on 60 potentislly
guitable hydrofoil materizls and describing plans for the screening test
program used in Phase II for selection of the two most suitable materials.
The Phase II work was completed in May, 1963 and the test data and analyses
developed during this period are presented in reports published in May,
1962 and June, 1963. This is the final report covering in detail the
Phase ITT investigaticne and summarizing all ¢! the previously reported
efforts.

The project has been administered by the Hull and Scientific
Branchof BuShips under the direction of Mr. lvo Fioriti. Acknowledgement
is made of the technical contributions and suggestions offered during the
final phase of this work by:

Mr. John Vasta, BuShips
Mr. Don Stevens, BuShips
Mr. Gene Aronne, BuShips
Dr. T. P. May, Inco

Mr. Dave Anderson, Inco
Dr. P. P. Puzak, NRL

Mr. J. R. Goode, NRL

Mr. Ralph Huber, NRL

dr. J. Z. Lichtman, NASL
Mr. Abner Willner, DIMB
Mr. Lee Williams, MEL
Mr. Bob Wolfe, NASL

and many specialists within the LTV Aerospace Corporation. Helpful comments
and d.*a have also been contributed by personnel of the following companies:

Titanium Metales Corporation
Harvey Aluminum Company
Alloy L.stings Institute
Armco Steel Corporation
Republic Steel Corporation

Materials for fabrication of the test specimens were obtained from
The United States Steel Corporation, Reactive Metals Incorporated, Lebanon
Foundry, the Liade Division of the Union Carbide Corporation, and Mosites
Pubber Company, Inc. Personnel of these companies have contributed signifi-
cantly to this program by comments and suggestions on heat treatment, welding
and other processing procedures *o obtain optimum physical and mechanical
properties of the materials.
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ABSTRACT

Sixty materials were studied to determine thcir suitability
for use in construction of high performance hydrofoils and struts. Of
these, seventieen materials were given screening tests for susceptibility
to sea water corrosion end impingement erosion, and for comparisons of
mechanical and fabrication properties. From this work HY-130 low alloy
steel and Ti 7A1-2Cb-1Ta titenium were selected for development of design
and fabrication data. The HY 130 suitably protected from the sea water
environment with a neoprene coating is available for use. The titanium
alloy shows many advantages but must have alloy changes to preclude stress
corrusion crecking before economic benefits can be realized.
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SUMMARY

Phasegs I anl II of this program reviewed the literatu.e to
deteraine promising meterial and provided a screening test program using
the resistance of the materials to a 90 knot hydrofoil marine environment,
strength to weight ratios, impact toughness,material availability, and
manufacturing ease as the primary criteria for materials selection. As a
result of this survey and the screening tests, the stainless steels and
common aircraft steels were found to be lacking in one or more factors vhen
used in the as-welded condition. An epoxy resin-glass laminate looked
promising except under long term sustained stress, hut its use would require
a development effort beyond the scope of thic program. No casting alloys
vhich met all the requirements for a 90 knot continuously submerged hydro-
foil were tested; however, later tests on 17-UPH given a H-1100 age lcoked
very promising for use in short lived experimental foils. Coatings to
protect low alloy steels in the 130 to 150 FSI yield range show promise.
An eighty mil cured-in-place necprene resisted both 90 knot impingement &and
the cavitation environment, but a need is indicated for additional studies
of the primer and surface preparations to prevent undercutting corros!o=
occurring at exposed edges. The titanium alloy Ti 6Al-4V appears very
promising except for failure to meet the high toughness requirements and
excessive wmetal loss at high cavitation intensities. Ti 7A1-2Cb-1Ta, which
was selected for final evaluations and design data development is also &
promising titanium alloy with excellent properties except for susceptibility
to high intensity cavitation and a recently discovered susceptibility to
stress corrosion cracking which will necessitate alloy changes. M1i1-5-16216
low alloy steel heat treated to the 130-150 KSI yield range and provided with
a protective coating appears tu satisfy all the requirements fur an intermedicte
strength-weight ratio material for the ninety knot foil. Further development
of the necessary coating for use with this steel is required.
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1.0 INRTRODUCTION

The Hydrofoil Materials Research Program was initiated by the
Bureau of Ships in order to compare the basic physical and mechanical
properties of the structural materiale that can feasibly be considered for
hydrofoil construction, to select several of the most suitable and economical
materials, and, subsequently, to develop the design and fabrication data
necessary for efficient construction of high speed hydrofoil structures.

Phase I of this program accomplished the preliminary accumulation
of available published and unpublished pertinent data for approximately
sixty candidate materials. These data were correlated and analyzed to compare
the suitabilities of the materials and to select a limited number of materials
to be subjected to a comprehensive screening test program in Phase II. The
results of the Phase I effort have been published in reference 1.

The primary objective of the Phase II effort was to select two
structurel materials which appeared most suitable for hydrofo:l coanstruction
from the corrosion and erosion resistance standpoint and in terms of the
structural efficiency and production cost.

The Phase II effort consisted of the screening tests described in
reference 1 to determine corrosion and ercosion resistance and mechanical and
fabrication properties of 17 materials and coating and claidding combinations
wvhich vere selected as a result of the Phase I effort. Iu addition, studies
wvere made of typical hydrofoil designs to provide a basis for fabricability
evaluations using the fabrication experience gained in the manufacture of
the test specimens and in continued monitoring of available data sources.
The objective of this w -k was to select the two most suitable materials for
hydrofoil construction. The results obtained during the Phase II effort have
been published in references 2 and 3 and the conclusions are summariszed in
Section 2.0.

Phase II also included the preparation of the test and analysis
program for the Phase III wor: as outlined in references 2 and 3 and subse-
quently modified as chown in this report. In addition, coamplete results of
static corrosion tests vhich are more meaningful after this time period are
published herein. Also, some Phase I and Phase II data are published herein
to give a more comwplcte picture for the low alloy steel and titanium alloys.

The Phase II1 effort has developed design and fabricstion data for
efficient construction of high speed hydrofoil structures using Ti TAl-2Cb-1Ta
and coated HY 130. The data presented include direct design information; i.e.,
longitudinal and transverse tensile and yield strengths aad elonga*ions for
velded and unwelded material, corrosion-fatigue S-N curves for welded,
unidirectional tersion stresses and calculated allowadle c-mprecsion and
shear buckling stresses. Other data include Charpy V notch and drop weight
tear test toughness values, 6ea water static corrosion and impingement
erosion-corrosion characteristics and cavitation-erosion-corrosion suscep-
tibilities. Impingement erosion-corrosion testing was conducted in both
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the water wheel facility at LTV and the jet =rosion facility at the
International Nickel Company using natural sea water. Cavitation testing
was done in the water wheel facility an¢ in the rotating disc facility at
the Naval Applied Science laboratoury.

Fabricability is presented in the form of fabrication indices for
welding, machining, form'r3 and processing. The fabricability data place
major emphasis on the problems asso:iated with actual construction of hydro-
foils. 1In addition to the tests run specifically to develop fabrication
indices, additional design data were obtained from fabrication of the test
specimens.
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2.0 DISCUSSION OF LITERATURE SURVIY AND PHASE I AND PHASE 11 DATA

2.1 PHASE 1

Phase I of this program accomplished the preliaminary sccumulation
of available published and unpublished data for approximately sixty candidate
materials. These data were correlated and aralyzed to compare thy suitabili-
ties of the materials and to select a limited number of materials tc be
subjected to a comprehensive screening test progrem iz Phase II. The results
of the Phase I effort have been published in the Phase I report, reference l.

2.2 PHASE II

The Phase II effort consisted of the screeni:g teste described
in references 2 and 3 to determine corrosion and erosion resistance and
mechanical and fabrication properties of seventeen materials and coating
and cludding combinaiions which were selected as a result of the Phase I
effort. In addition, studies were made of typical hydrofoil designs to pro-
vide a basis for fabricability evaluations using the fabricaticn experience
gained in manufacture of the test specimens and in continued momitoring of
available data sources., The objective of this wurk was to select *bhe two
most suitable materials for hydrofoil construction. The conclusions drawn
after the Phase ]I effort are summarized below.

2.c.l INCOMEL T18

This high nickel alloy was heat treated o 170 ksl tensile yield
strength with 27 percent elongation in two inches It {5 excellent in
resistance to cavitation, erosion and general corrosion metal losses, but is
subject to slight ~revice corrosion. It exhibits good corrosion fatigue
properties, has n cuctile failure at zero degrees fahrenheit, and is not
subject to stress corrosion cracking. Restraired plate can bde welded with
Rene' 41 filler wire and aging accomplished afier welding wvithout serious
wvarpage problems. This wvas considered a promising material for hydrofoils
but wvas dropped from the prc.ram because of high costs for aaterials and
manufacturing sethods {n coaparison vith materials in the same perforwance
class.

2.2.2 K MOMBL

This nickel allay, heat treated to a 35,000 tensile yield
strength and an elongation of 17 percent in twvo inches, is marginal in
strength properties. Corrosion fetigue valiaes are satisfactory, and {t is
not subject to stress corroeion cracking ir a marine enviromment wvhea siressed
to 20 percent of yield. K Monel 15, however, sudjert to woderute crevice
corrosion, exhidbite relatively high erosion and cavitation metal 1038 rates,
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and presents & fabrication problem due to its required 1400%F strese relief
after weiding. Due to these latter characteristics, K Monel was not recom-
mended for fwxther effort in this program.

2.2.3 17-4PH(RL025)

17-4PH stainless steel in the H1075 condition resulted in a
tensile yield value of 167,000 psi and an elongation of 1k percent in two
inches. The metal ioss rates from corrosion, cavitaticn and erosion in the
conditions tested were generally greater than for the other unprotected
materials in Phase II. Piiting and crevice corrosion progressed at an un-
satisfactorily high rate in the static corrosion tests, and unprotected
material is considered marginal for use even in retractable foils where
crevices would be intesmittently wet and dry during long intervals of time.
Phese I literature survey indicated, reference 6, that fatigue values in a
gsea water enviromment are decreased to & relatively low value when compared
to the titanium alloys and Inconel T13. These test results indicate that
without a protzetive coating 17-4PH is unsatisfactory for continucusly
sutuwerged or retractable hydrofoil use; however, reference 8 indicates that
th!s corrosicn can be eliminated by proper control of the columbius - carbon
ratio.

The work of LaQue and Ellis, reference 7, pointe out that the
severity of atteck in a crevice of a corrosion resistant steel is reiated
t0 the ar<a of adjacent unprotected surface. This area effect in crevice
corrosion indicates that a firmly adherent coating system with few pores
would subscanticlly decrsase cg;vice corrosion in this alloy even after
coating domage. Aging at 1025 F is preferable to lOTSQF according to Armco
impact test data, reference 9. Izod impact testing of welded specimers
with & 1000°F age resulted in ductile failures without the ngcessity for
an intermediate soiution anneal. This material with an 1100 F age and no
solution anneal after welding gave markedly lower impact values.

Because of the superior fabrication properties and because Of
the higher strength obtained without susceptibility to stress corrosicn,
17-4PH{H1025) would have been considered for Phase III work with a necprens
coating; however, the requirement for an aging treatment after welding to
obtain necessary toughness was considered uneconomical for large, built up
foil structures.

2.2.4 TITANIWM 6A1-UV

This alpha beta alloy heat treated to 141,000 tensile yleld
and 11 percent elongation in two inches has given an excellent performance
ir the screening tests of Phase II. Its excellent corrosion properties
result in essentially no reduction in fatigue values in sea water, no siress
corrosion cracking, essentially no effect in static corrosion, and no
accelerating effect in the cavitation and sea water erosion tests. Some
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fabrication problems complicete the picture for a heat treated material

vhich may make the desirability of heat treatment questionadble. The

material shows ductile fractures in impact testing in temperatures as

low as - s however, Charpy V notch energy values were marginal. Due

to the ready availability of this alloy in contrest to numerous other titanium
alloys, it was considered a prime candidate hydrofoil material.

Recent rotating disc cavitation tests on the T4 GAl-4V and
T4 BA1-2Ct-1Ta titanium alloys at the Material Laboratory, New York Naval
Shipyards, have shown e relatively large material loss under cavitation
conditions which are believed to be extremely severe. These tests indicate
that cavitation resistance 1s excellent at 100 and 125 fps, but that a much
lower resistance was noted at 150 fps. This material was considered fcr
Phase III evaluation until T{ TA1-2Cb-1Ta alloy became availadle.

2.2.5 TITANIWM SA1-2Cb-1Ta

The Ti 8A1-2Cb-1Ta alloy, except for a lower tensile strength than
the hest treated Ti 6A1-4V, was believed to combine all the advantages of the
Ti 5A1-4%V with a lower nil ductility transition temperature and greater
toughneas at 32°F. Weld cracking of restrained welds caused this material
to he changed to the T{ TA1-2Cb-1Ta evaluated in Phase III,

2.2.% RERYLLIUM COPPER

Beryllium Copper (Berylcn-25) showed catisfactory corrosion
resistance and did not support fouling growth. Weight loegs in cavitation
was S;tisfactory, but erosion losses were high. Brittle failures occurred
at C'F in Charpy V votch impact tests and corrosion-fatigue properties were
iow. Because of the latter characteristics, beryllium copper did not
receive further effort in Phase III.

2.2.T METAL CLAD PLATE

A ccrrosion and fatigue resistant cladding over a high strength
base metal appeared to be an attractive material combination in the Phase I
evaluation. In this program Hastelloy C and commercially pure titanium
(A=TO) were chosen as cladding materials for their corrosion and fatigue
properties. AISI-4330M and HY 100 were chosen as materials with the necessary
strength and toughness for base metals. The four materials were processed
to simulate the respective cladding-rolling operations and the subsequent
hardening and tempering necessary for base metal strength development., Sinc.
actual ciad material combinations were not available to this progrem, each
material was processed separately.
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2.,2.7.1  Titanium Cladding (A-70)

The commercially pure titanium was found t0 be severely
embrittled due to gettering action during the simulated cladding process.
Lukens Steel reported that this material would be a very difficult one to
use as a cladding for this reacon, and it was therefore dropped from the
program,

2.2.7.2 Hastelloy C Claading

The Hastelioy C performed well in 90 knot erosion cavitation
tests when processed for cladding om both HY 100 and AISI 4330M. The static
corrosion and corrosion fatigue results were excellent. Charpy V notch
impact tests at O'F resuited in brittle failure which is a detrimental
factur because of the possibility of a crack at the surface setting up a
stress concentration in the base metal as well as causing a galvanic corro-
sive action at the break between the cladding and the base metal. For this
reason, this material was not recommended for Phase 111 testing.

2.2.8 ELASTOMERIC COATINGS ON LOW ALIOY STEEL

Elastomeric Coatinge on low alloy stecl appeared to be a mcthod
to combine the strength and durability of a base material with the proteciion
a coating may offer from erosion, cavitstion and corrosion. Following are
some of the advantages of an elastomeric coating system as compared to a
metal cladding:

o The mechanical or physical properties of the base material
are not affected by the coating application.

0 A break in the coating does not set up a galvanic couple or
a stress concentration.

o The coating can be applied as a calendered sheet during
fabrication and can be repaired readily in service.

2.2.8.1 AISI 4330M

AISI 4330M heat treated to the 150 KSI yleld gtrength renge showed
satisfactory elongation and Charpy V notch toughness at O F. It showed high
corrosion, erosion and cavitation losses and a low corroeion fatigue life.
Hcwever, test data obtained during Phase II indicated that elastomeric
coating mey correct these deficiencies. It is hardenable through a one-inch
plate thickress and does not require extensive preheats and post heats to
prevent weld cracking. Heat treatment after welding to develop strength of
this material may present serious distortion problems during fabricability.
Toughnees in the as-welded condition is not as high as HY 100 heat treated
to 130-150 KSI yleld range so that this material was not tested in Phase III.
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2.2.72.2 H{ 1c¢

HY 100, although it has a marginal strength-to-weight ratio,
has excellent elongation and toughness. Uncoated HY 100, like AISI L330M,
has a low resistance to cavitstion, erosion, and corrosion, and has a low
fatigue life.

Because of low material costs snd the possibility of improving
ell the deficient properties with a reliable coating, HY 100 heat-treated
to the 130-150 KSI yield strength range was recommended for retention as
tase material in Phase III studies.,

2.2.9 EPCXY RESIN-GLASS LAMINATES

Epoxy resin-glass laminates were included as & base material
in the Phase I materials studies because of their inherent resistance to
the corrosive effects of sea water and the c¢xcellent strength to weight
ratio°§§30 psi per pound per cutic foot for isotropic Scotchply Type 1009
at 70 .

In considerirg the various resin-glass laminates, a neoprene
coated epoxy system was choscn because of excellent strength characteristics
and rain erosion resistance that has been demonstrated in aircraft service.
Scotchply 1000 preimpregnated (Minnesota Mining and Manufacturing) was chosen
because of 1ts suitability for use with the mercury hag molding process of
Hudson Engineering Company. This process, in its present state of develop-
ment, is limited to a °?5°F curing temperature. Thus, Scotchply 1000 with
its backgrQund of usage in thick springs for vehicles, curing temperatures
in the 225°F range, and with the capability Cor use in section thicknesses
up to the six inch appeared to be well suite. to hydrofoils usage.

An acceptable Charpy V notc fracturc energy was shown, and only
a slight roughening resulted from the jet erosion test in the uncoated state.
In the unidirectional fatigue test a substantial loss in modulus of elasticity
was experienced. The resulting excessive bending deflection exceeded the
deflection 1limits of the test equipment and precluded completion of the test.
Subsequent investigation revealed that the 225°F curing temperature, as
presently limited by the Hudson Engineering Process, does not produce a
fully-cured resin matrix. An additional 16 hour, 300 F cure increased the
Barcol hardness at 160 F from 59 to 96 and resulted in significantly improved
fatizue properties.

A neoprene-coated specimen, loaded to 60,000 psi bending stress,
failed after 23 days in sea water. Figure 3-18 of reference 10 shows
reasonable correlation with these data.

Because of the developmental nature of this material and
fabrication process and because of initial test failures obtained, epoxy
resin glass laminate was dropped from the Phase III program; however,
further investigation of the material is indicated.
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2.2.10 CASTINGS

AM-355 and CD 4 MCU casting materials were considered for nacelle
structure and other irregular shapes on the hydrofoil. The Jjet erosion and
cavitation resistance of CD 4 MCU was excellent, although some crevice
corrosion did occur. As welded AM 355 stress corrosion specimens falled
within 65 8, and the Charpy V notch impact failures of both materials were
brittle at O F which eliminated the materials for further consideration.
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3.0 REVIEW OF MATERIAL SELECTION

The basic objective of the Hydrofoil Materiales Research Program
was to select the most suitable materials for the fabricaticn of uaydrofoil
structural components., The original list of sixty materials for the program
wvas cowpiled from available information indicating desirable properties in
one or more characteristics being considered. A subsequent literature survey,
an extensive screening test program, continual monitorini of govermment and
private sources of irnformation, and comparative cost anc'yse:s proviied the
data for the final selection of T{ TAl-2Cb-1Ta and coeted HY 130 as the two
most suitable materials for hydrofoil structur:s.

Most of the materials that were rejected in the screening tests
were considered unacceptable from a safety standpoint such as impact brittle-
ness and stress corrosion cracking which could cause catastrophic failure
of critical foil structure. Toward the end of the Phase II work, it became
evident that a number of materials would meet the physical requirements of
hydrofoil use and that final selection of two materials would require a cost
comparison. It was also considered logical that one selected material should
be inherently resistant to the sea water enviromment and that one should
require a protective coating. The final comparison of several materials in
each category was based on estimated costs of materials, tooling, and
fabrication that would be required for a typical foil structure. This
comparison is reported in reference 3.

At the time this compar‘son was made, the development of Ti TAl-
2Cb-1Ta alloy was not completed and TL GA1-'.V was recommended as one selected
material. The substitution of T{ TAl-2Cb-1Ta for T1 GAl-4V vas made early
in Phase IIT upon its availability.

3.1 MECHANICAL PROPERTIES AND STRENGTH-WEIGHT RATIOS

There are many materials - alloys of steel, titanium, nickel and
¢ pper - vhich can provide greatly improved tensile and compressive properties
cver materials presently used in shipbuilling, and cven in present prototype
hydiofoil structures. If these were the only rejuirements, extensive weight
savings could be realized in their use. In all cases other influences, mainly
eavirommental, either prohibited the use of these materials or required
compromises to such an extent that the advantages were nullified. Stainless
steels, such as 17-4PH could provide considerable weight advantages over 5
HY 130 _except that in order to get adequate toughness in welded structures, 4
a lSOOoP post weld treatment is necessary. This makes 17-4 tooling signifi-
cantly more expensive than tia. required for HY 130 steel. Inconel Ti8, which
shows excellent resistance to corrosion, showed a fabrication cost comparabdble
to thrt of titanium with & significant weight disadvantage. T1 GAl-AV showed
a weight and, therefore, a cost advantage over T{ TAl-2Cb-1Ts,; howavesr, the
toughness of this material is belov the minimum requirewments established by
the Ravy for hydrofoil structures. H

S B
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3.2 TOHNESS CRITERIA FOR FINAL MATERIAL SELECTION

Toughness requirements for hydrofoil materials have been
patterned largely after those for submarinss. In reference 25, Sorkin
and Yillner showed that a Charpy V-notch energy of less than 21 foot pounds
at O'F would result in brittle fractwes in high strength titanium plate
(110 KSI minimum yield strength). Later investigations, references 11, 13,
and 14 at NRL have correlated brittle fractures in service with test data
for several types of tests, namely. explosion bulge, explosion tear, drop
weight tear and Charpy V-notch. Analyses of these data indicate that
drop weight tear test energy values of 3,000 and 2,000 foot pounds for steel
and titanium respectively are required to provide adequate toughnees for
deep submersible vehicles. Although the toughness requiremsnts for hydro-
foil structures to resist the impact of floating obstructions is different
and possibly less severe than the underwater explosions that submarines are
exposed to, these criteria have been used in determining the final material
selection for this program.

Many of the candidate hydrofoil materials were eliminated from
the program because of deficient toughness. In most materials the impact
toughness is an inverse function of the yield and tensile strengths and,
consequently, vhere strength levels can be controlled by heat treatment,
there is a corresponding toughness control. The strength-toughness relation-
ship differs substantially for different materials and even for different
alloy compositions of similar materials. Ti TAl-2Cb-1Ta and T 8A1-2Cb-1Ta
are the only titanium alloys investigated in the hydrofoil materials program
vhich met the minimm toughness requirement. Ti GAl-LV (ELI) with a special
anneal at the beta transus temperature and Ti 5A1-2.5 Sn showed significant
toughness improvement over higher strength titanium alloys but fell short of
the conservative requirements set understandably high for nev materials in
a nev design. In all cases, the weld toughness of titanium alloys was at
least as high as that of the parent material.

HY 130 vas the only steel tested in the program which provided

adequate toughness. Here, also, the weld toughness essentially equalled
that of the parent material.

3.3 CORROSION, IMPINGEMENT, CAVITATION RESISTANCE

Corrosion resistance wvas extensively evaluated during the Phase
1T materiais selection effort because it plays such a large role in a number
of associated properties. The rate of metal loes in cavitation and high
angle sea wvater impingement was seen to be related to the corrosion resistance.
Alloys wvhicih had fairly high static r~orrosion rates became unacceptable from
a corrosion standpoint vhen either ninety knot sea water impingement or
cavitation erosion were added as a second factor. HY 130 wvas the only mate-
rial vhich posiessed the required values of charactcristics other than
corrosion resistance and could be fabricated at low cost. Thus, only HY 13
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with a yleld strength range of 130-150 KSI was considered worth the
additicnal costs of applying and meintaining a coating system to protect
it from the combined influence of these three factors.

Stress corrosion cracking wvas considered to be an unacceptable
phenoaena. The risk wvas considered tuo high to seek a coating protection for
an alloy and its associated heat treatment vhich cracked in a corrosive
enviromment. Thus, strength levels for HY 130 could not have been raised
mich because of the limiting factors of weld toughness and strength for this
alloy in the 150 KSI range. Titanium alloys in Phase II, as had been
indicated for other titanium alloys in the litersture, were immune to all
types of corrosive attack except severe cavitation. Impingemsnt resistance
in sea water once again confirmed this advantage by showving negligible lous
in thirty days at ninety knots. Losses of metal due to cavitation showed a
definite threshold condition somevhere between 125 and 150 feet psr second
with the cavitation generator of the Naval Applied Science lLaboratory rotating
disc. In this region, severe losses of metal began. This indicates that
designers will definitely have to take cavitation into consideration as
higher performance foils are developed. However, this seems to be & minor
disadvantage in relation to the other excellent properties.

From the foregoirg considerations, HY 100 beat treated to 130 K5I

yield strength and T1{ 7A1-2Cb-1Ta vith a chemistry to de 3lop 100 KSI yleld
strength were selected for Phase III evaluation.

3.h RECENTLY Ik ELOPED MATERIALS

It should also be mentioned that the SNi-Cr-Mo-V steel heat
treated in the 130 to 150 KSI range has been under investigation by U, S.
Steel and significant data have been published in reference 2k, This
material has shown excellent toughness properties in welds and heat affected
zones &8s wvell as the base (wrought) material. Bvaluations by U. 8. Steel
of a number of 80 ton electric furnace heats rolled to two-inch plates and
heat treated in the 135 to 145 KSI yield strength range show Charpy V notch
toughness fram 60 to 90 foot pounds at 0°F. Welding filler metals and welding
techniques are being developed in the U, S. Steel progrea for both MIG anmd
covered electrode. Preliminary data indicate that essentially 100%
efficient MIG welding can be sttained vith only & slight toughness reductionm.

This material has shown relatively good stress corrosion resistance
in NRL short teru tests; however, since data are not available to correlate
thes short term results to those of the conventional long term bent beem and
circle patch weld teats, some checking in this area is recommended. Complete
freedom from stress corrosion cracking would merit this allay serious con-
sideration for use in any future high performance foil structure.

i
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4.0 DESIGN DATA AND DISCUSSION

The final obJjective of the Hydrofoil Materials
Research Program is to acquire and correlate the avail-
able pertinent data on the two final materials. The
following sections contain the tables and charts presenting
these data in the forms that are considered most useable
for the design of hydrofoil structures. The test results
developed in this program and, in some cases, supplemented
from published sources are included for substantiation of
the recommended design infcrmation. Where specific design
relationships cannot be presented, such as impact toughness,
the test values are shown with discussions of recommended
approaches to the use of the test data.

L.l TENSION ANC COMPRESSION MECHANICAL PROPERTIES

The objective of this portion of the program wvas
to determine the basic mechanical properties of the candidate
mate:ials in both the "as received" condition and fusion
welded. Tests were conducted on specimens removed from
plates of btoth 1l/4 and 1 inch thicknesses in accordance
with the sketch of figure L.Ol.

All tests were conducted in a Riehle test machine
of 190,000 pound cepacity. Autographic load strain traces
were obtained with a Baldwin PS5-M microformer extenscmeter
aid the load indicating mechanism of the test machine.
Loading was accomplished at a rate of 0.005 in/in/min to a
point beyond yield locad and at a head travel rate of 0.20
in;a.a from that point to failure. Strain tests vere con-
troll d through the us< of a strein pacer built into the
test machine,

Tune results of all tests conductec during this
investigation are presented in taocles L-1 and 4-2. Fxcept
us noted, ail welded specimens w<ere cut from blanks which
were MIG welded as described in gection 5.3. Fer purposes
o compar.son the folloving table prese ts the minimua
acceptable values for the materials ag processed by the
naterial supplier.
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Material Ftu Fty Foy $e R.A.

Ti-7A1-2Cb-1Ta 115,000 100,000 110,000 10 20
HY-130 * 130,000 * 10 *
#*No minimum value specified.

Comparison of these values with the results shown in tables
L-1 and 4-2 will show that the average values on control
tests of unvelded 1 inch material met or exceeded these
requirements, although there vere isolated cases of single
tegsts which fell somevhat belowv these values.

As jndicatea by the test results prescnted in
table 4-1, weld efficiencies of 100 percent can be attained
in a welded titanium structure,

As discussed in section 4.4 of this report, all
HV-130 steel was procured in the yield strength range of
140 to 145 kei in order that toughness might be evaluated
for the potentially critical materisl strength level. The
strength level of this "as received" material is shown in
table 4-2 for unvwelded 1 inch plate material. Initial
velding trials as discussed in section 5.3 of this report
indicated that weld efficiencies in this high-streagth level
material would range from 95 to 100% as shovn by the supple-
mentary data presented in tabiv 4-2,

In order that wveld strength might be estadblished
for material which was representative of minimum acceptabdble
properties (Fyy= 130 «si), 211 mater‘al for velded specimens,
both 1 inch and 1/4 inch plate, was redravn in accordance
vith the curve of figure 4,02, Strength values for this
redravn material are shown in table 4-2 for unvelded 1/4
inch plate material. As can be seen from these data, the
actues]l strength values attained were slightly bdelowv the
desired value of 130 xsi1. This is attridbuted to the ex-
treme sensitivity of the material to both tempering time
and temperature in the 130 xsi yield strength reng>. 8ince
the material could not be redrawvn to & nigher etrength level,
it vas wvelded as described in section 5.3 and cut into ten-
sile specimens in accordance vith the drawving of figure %.01
and tested. Inspectior of table 4-2 will shov that weld
efficiencies of 96 to 1C0% vere obtained in this amaterisl
and, further that thickness of the material being Joined
did not influence the resulting veld efficiency. Although

r
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the results show strength levels which were below the

target minimum value, since the majocrity of these specimens

failed in the parent metal at an average strength of 125 ksi
and indentical welds in the unredrawr material showed yield

strength values on the order of 140 ksi, it may be seen that
veld efficiencies on the order of 100 percent are attainable
in this material.

It may be concluded from the work reported herein
that the target minimum strength values mentioned earlier
may be obtained in a fusion welded hydrofoil structure
vithout subsequent heat treatment.

b.2 COLUMN AND BUCKLING MECHANICAL ZROPERTIES

The two major factors to be considered in optimum
design of structures are (1) the material bteing usced, and
(2) the configuration of the structure. In the case of
tension loaded members, the sclution to the problem of
optimum design is simple and straightforvard, since the
properties of a tension member are not iniluenced signi-
ficantly by the shape of its cross-section. For members
loaded in compression, the problem reauires .nsideration
of the size and shape of the cross-section in detcrmining
the load carrying capacity of the memoer.

In the design ot a h surofoil structure which Las
requirements generally similur to an air-raft wing, tlaere
are three primary types o7 ianctavility rafilure which nust
be considered; (1) column buc.lin:, (2) snear tuckling arc
(3) compression bLuckling.

This section c1r toe report deals with tne estatlisi-
ment of theoretical design ~.r.e5 Jor tiie seliected azterials
vhich make it possivle to pr=<ic. accurately the mexiaum load
intensities the pertinent siri-t.ra. ecleoments wiil suppor'.

Thne design curves in t.aus report are vased on lhe
approach presented oy Melcon cad Cozzene tn Reterence 17

In practice this approaci 4ses 0. regs8i.n siress-sirair
curves &8s input Jdata 1o esto.iicn llowalles tased on Ui
follovwing genrral relations..n:

Bt_ (L', P)c _ (b, t)-

gb/tzz
Ks

F TTB Xe
initial coiumn o;ci:fzzfi / i—ini<ial shear Bucklir.

L ini*.al :omp. tucaling
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Development of these deta requires compression
stress-strain relaticnsnips which were not obtained during
this program. 1In an efiort *c cbtain the needed informa-
tion a survey of the literature was conduc*ted and contacts
were made with the material suppliers. Thesge efforts wvere
only partially successfuly in ooteaining these dsta. Late
were availacle from Reactive Metals, Inc. on the compression
stregs-strain tehevior of Ti-7A1-2Cb-1Ta, but nothing was
found rfor the HY-130 steel. Unlike most titanium z2lloys,
which demonstrate consistently aigher yield values in com-
pression, steels generally have similar stress-strain curves
for both tensile and ccmpressive loadin,;. It was therefore
decided that the use of tensile stress-strain data would
Produce a realistic evaluation c¢f ~he stability characteris-
tics of a structure fabricated fron HY-130 steel.

The typical tensile stress-strain curve for
Ti-741-27b-1Ta presented in {igure 4#.03 was ‘aken from
data rurnished by Reactive Metals Inc. Tests vere con-
ducted on a Tinius-Clsen testing machine of 60,000 pound
capacity using one-half inca diameter by two inch long
specimens in accordance witn ASTM standard E9-62. The
spe~imens were loaded at & strain rete of 0.003 plus or
minus 0.001 in/in/minute up to the proportional limit
and at 50 pounds/minute from tne proportional limit to
yield. For the typical stress-strain curs/e for cteel
spe-imei.s the procedures were 8s cutlined 1n section 4.1

o: this report. For bctn materia - * =2 typical setress-
sLral1i ur.es were reduced tu nin.mum .cuaranteed velues
through ine use¢ of affine trun:{ r-2tv.., as Jescribed

in tnre “oullowing paragraphs.

The following sketclh w#ill te ised as a guide
in describing the process of a’t.ue trans.ovrmation used
for generaticn of minimum ,uarantlerd s.ress-strain curves
required for this effort. For any typical curve, ~~.Latruct
a line parallel t¢ the initial n.duius iine through the
0.002 strain pcint to establish tae typical value for
yield stress. Point A' is lo-ated on tals line at & stress
level corresponding to he minimuz guaranteed yield point
(or any otner value which may be reguired). & line arawn
through the origin O aand point A' will intersect the
typical curve st point \ as sncwn. For otner points on
the typical curve, suc: &as points 3 and ©, the corres-
ponding points ¢n the minimum cuirve are found as followvs.
Drav radial lines (B and 0. (n line (B lay off
OB' = CB(CA'/CA) and o>n iine (< lay off CZ=0C(0OA'/OA).
The curse dravn tirough points ~', B' and C, is lhe desired
minizmam puaranteed curve.
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Typical stress-strain curves and derived
minimum guaranteed curves for the Ti-TAl1-2Cb-1Ta.and
HY-130 steel are presented in figures #.03 and 4.0k,
Curves showing the c»Hlumn, compression and shear '
tuckling sllowables for these meterials are presented
in Figures 4.0%5 and 4.06.

L.3 FATIGUE PROPERTIES

L.3.1 CORROSION FATIGUFE

Until recently static strength churacteristics
vere the deciding facitor in the design of wing or foil
shaped structures. Except for specialized cases such as
engine mounts, rotating machinery, etc., the static margin
of safety was generally sufficient to preclude fatigue
orobiems. With the rise in use of highly efficient
structurel arrangements operating at high percentages of
static strength allowables over extended periods of time,
there has been an attendant increasgse in problems due to
fatigue loading. Hydrofoil vel.icles will be particularly
susceptible to .atigue problems because (1) economic as-
pects dictate extremely long service 1ife requirements,
(¢) high operatinc astress will be required in order to
minimize the amcunt of structural weight carried by the
vehicle, and (3) the marine environment causes & signi-
ficant reduction in fatigue life in most materials.
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For the most part, the fatigue properties of
structural materials ar« established through the use of
numerous tests conducted, in air on specimens containing
notches or other discontinuities which are considered
representative of those which may be found ir production
vehicles. DTata of this type are not suitable for a
hydrofoil which will spend a significant portion of its
total service life ope.ating in & corrosive media which
may effect both its static and fatigue pruperties. Since
little, if any, fatigue data of any sort are available on
the selected materials, the corrosion fatigue progranm
described in the following paragraphs was conducted during
this progranm,

Since fusion welding is the most likely Jjoining
method envisic ad for use in hydrofoil structures, all tests
were conduci:d on welded un-notched specimens of both
T1~-7A1-2Cb-1Ta and HY-130 steel. In order that the be-
havior of the base metal might be observed, there were
no corrosion resistant ccatings applied to either of
the materials.

A Sonntag SF10-U axial loading fatigue machine
was selected for tests in order that the specimens might
be subjected to the same type of loading that the ma-
terinl will experience in service. This machine was
taen modified to permit testing in ¢ salt water (simulated
sea water) environment. The modification, which is shown
in figure .07, consisted of the addition of a large tank
to the bed of the test machine. This tank incorporated
grips to pick up the lower end of the test specimen. The
loading pin at the lower end of the specimen was cealed
from the salt water bath to prevent premature fatigue
failure of the epecimen in the grip area. Provisions
vere made for replenishment and/or replacement of the salt
water during the course of testing should it become neces-
sary. Normal vibrations in the test machine, which opera-
tes at 1800 cpm, provided sufficient agitation in the salt
vater to assure that corrosion products were carried away
from the surface of the specimen as rapidly as possible.

A total of 13 specimens, made in accordance with
the drawing of figure 4.1, wvere faoricated from each of
the candidate materials. These specimens were tested under
uniaxjial fatigue loading at a stress ratio of 0.10. Stress
levels were gselected to cover the range from 104 to 107
cycles of load. 1In order that the HY-130 specimans have
a standard conditioned surface representative of a mild

corrosive exposure, steel specimens were subjected to a
one week static immersion in synthetic sea water prior to
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testing. The titanium specimens were not exposed to the

sea water prior to fatisue testing since static immersion
tests on all the titanium alloys indicated no detectable

effects.

Subsequent to completion of each test, the
specimen was removed {rom the test macuine for inspection
at the earliest opportunity. In some cases tils involved
a delay of up to 60 hours during which time the fracture
surfaces were submerged in the salt water bath. Con-
sequently some of the HY-130 specimens had appreciable
amounts of corrosion on the fractusre surfaces when in-
spected. DBasically inspection consisted of the .ollowing
items; visual examination to establish the location of
the traciure fcllowed by examination of the fracture sur-
faces with a ten power hand held magnifying glass to es-
tablish the presence of gross defects, if any, and the
origin of fracture. Final inspection was accomplished
through the use of a 30x binccular microscope for & more
detailed examination of the fracture surfaces where
possible. The overall condition of the specimens sub-
sequent to testing was such that any examination of the
fracture surfaces was not particularly revealing. This
may be attributed to the manner in which the Sonntag
fatigue macihnine operates. Alternating loads are applied
to specimen through the use of an eccentric weight which
rotates at 1500 rpm. Since there is no braking system
on this machine the eccentric continues to oscillate
for a short period of time after the power is cut-off
by specimen failure. In most cases, this oscillation
brings the fracture surfaces into violent contact with
one another one or more times. This battering action
then tends to obliterate all but gross details on the
fracture surfaces.

The results of these tests are shown in tables
L-3 and 4-4, and are plotted in the form of S-N curves
in figures 4.06 and .09,

As noted in tables 4-3 and -4, there were
indications of porosity in some of the welds, but
examinations of the fracture surfaces (subject to the
previcusly mentioned limitations) indicated that weld
quality was generally satistfactory in each material
and that the fatigue failures were normal in nature.
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Inspection of the S-N curvee of figures 4.08 and

4,09 will show that the uncoated HY-130 is poorer in fatigue
than the Ti-7Al1-2Cb-1Ta as might be expected. This behavior
serves to emphasize the need for applicaiion of an adequate
protective system to insure structural rellability during
the operating lifetime of a HY-130 hydrofoil. 1In order to
6how the degree of improvement which might be expected upon
the application of a suitable protective coating to a
steel hydrofoil structure, the data contained in reference

18 was extrapoclated to obtain the reference curve which
is shown in figure 4.09. This curve indicates that the
application of a suitable protective coating might result
in an increase of fatigue life as high as 20 to 1. Since
conventional fatigue curves are normally considered to be
independent of testing time as opposed to the effects of
corrosion, which are highly time dependent, it should be
noted that the data reported herein do not tell the full
story. However, it may be seen that significant improve-
ment in fatigue behavior may be expected upon application
of suitable protective coatings.

Since titanium alloys have long been considered
insensitive to corrosive attack (under conditions represen-
tative of those to be experienced during normal operation
of hydrofoil vehicles) the curve presented in figure 4.08
wvas considered to be fully representative of the behavior
of fusion welded Ti-TA1-2Cb-1Ta in either air or sea water.
The test data generated during the course of this investi-
gation indicate a substantial loss in fatigue life relative
to ultimate tensile strength as compared to other welded
titanium alloys, for example Ti-0Al-1Mo-1V as shown in
reference 19 . As mentioned ecarlier in this discussion,
examination of the fracture surfaces of these specimens
by LTV personnel failed to reveal any gross abnormalities
to which this loss in strength might be attributed. 1In
an effort to obuain an explanation for this behavior,
failed specimens from this group were forwarded to
Reactive Metals Inc., the producer of the material, for
more detailed metallurgical examination. The results of
this examination revealed that there were evidences of
incomplete fusion at the root of the weld. These areas
would then react in much the same way as a mechanical
notch with an attendant reduction in 1ratigue life. It
should also be noted that resea'ch concerned with materials
for deep submersible vehicles, reference 20 , has un-
covered a previously unsuspected suscebtibility to stress-
corrosion-cracking in the Ti-TAl-2Cb-1Ta material which
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might also contribute to the reported reduction in fatigue
strength. Although this phenomena is not completely under-
stood 8t the time of this writing, its effects can be
readily observed as a reduction in the plane-strain fracture
toughness of a given material in the presence of a flaw,
such as a fatigue crack or partially welded area, and a
moist environment. Since the application of a protective
coating to a titanium structure is, at best, a poor and
costly solution to the problem, it is felt that ircreased
fatigue life may only be attained by usirg improved fab-
rication techniques and from metallurgical changes.

Although additional testing is recommended for
both program materials to assess more thoroughly the
effect of welding and/or various protective systems on
overall fatigue life, the results of the tests reported
herein indicate that either candidate material would be
suited for use on a hydrofoil vehicle from the standpoint
of fatigue behavior.

L,3.2 INTERMITTENT CORROSION - CORROSION FATIGUE

In the case of hydrcfoil vehicles, additional
difficulties may be encountered in designing for fatig.e.
These difficulties are associated with the vehicle environ-
mental conditions. Many of the materials whic: sre suited
for use in a vehicle of this type are subject tc corrosive
attack when exposed to sea water. If these mate-ials are
not protected from corrosion, drastic reductions in ratigue
l1ife may be expected over a period of time.

Since & non-retractable foil may possibly spend
a major portion of its service life submerge:d, and since
the effects of static corrosion attack may interact in an
unfavcrable manner with those resulting from corrosion
fatigue, it is mandatory that the materials used for foil
construction have eit-er a hich natural resistance to
corrosion or be supplied with an auxiliary protective
system. This problem is not as critical for ithe retractabl.
foils since they may be washed down t. minimize the damaging
effects of corrosion on fatigue life.

One of the promising materials for use in hydrofoil
vehicles is HY-130 steel which is susceptible to corrosica
attack. In order that satisfactory performance may be
realized with this material, it is necessary to apply a i
protective coating. No known coatins will provide absolute
protection against sea water attack over an extended time
period, and it is considered that a gradual detericration
of HY-130 steel will occur even with an intact coating. 1In
view of this, a limited investigation was conducted to

N
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determine:

1. The effectivenees of the currently
recommended protective coat'ng in preventing
corrosion attack efter prolonged exposure to
a marine environment.

2. The degree of interaction between the effects
of static corrosion and coirosion ratigue which
might be observed in the event that the coating
did not afford adegquate prctection to the speci-
men.

Six unwelded-notched (Kt=2.5) specimens fabricated
from HY-130 material were coated wivh 20 mils of Mosite 60134A
Neoprene applied over 3 mils of flame sprayed aluminum prior
to testing. Three of the specimens were to be exposed to
alternating periods of static immersion and fatigue cycling
with three months total stntic immereion. The other three
specimens were to be exposed and tested in a similar manner
except that total immersi»n time was to be six months as
shown in table 4-5. Specimens 2 and 3 received three months
total static immers‘on while specinens 5 and 6 were exposed
for six months. JOpecimens 1 and k&, which vere sthedfled
for three and si< .aonth siatic immersion respectively,
suffered rfatigue *tailures prior to attaining these goals.

Subsequent to failure, all specimens were cere-
fully inspected in order to estavlish the nature of the
faijlure. Since tie protective ccoatings did not rupture at
the time of fajilure, inspection for evidence of corrosion
vas accomplished with ease. Inspections were conducted
as described below:

1. The Neoprene coating was cut with a knife

at the fracture location and the fracture c¢ur-
face was examined for signs of corrosion through
the use o a 30: tinocular microscope.

2. The neourene coating vas peeled back a
reasont ‘l¢ distance on either ride of the
fracture and the exposed surfaces vere ex-
amined .or r~~rrosinp, or other abnormalities,
witnu tie 20x bYinoculrr microscope.

As previously noted, detalled inspection of the fracture
surfaces was not* ilways possible due to their battered
condition, but, in most cases, the origin of fracture
could be cdetermined and tne presence of corrosion pro-
ducts ccui. bave been detected.




Report No. 2-53100/5R-2179
Page No. 4,11

LTV VOUGHT AERONAUTICS DIVISTOR

Fatigue tests were conduxted on the modified
Ssonntag OF10-U fatigue machine which is discussed in
section b, . or Lhis report. Test stress levels were es-
tablished through the use of an S-N curve which wvas
constructed trom uvailadble intormation on the fatigue
behavior o alloy stcel (SAE 4130) tested in air. A
stress level of 50,000 psi was sclected to produce a

life of approximately 10° cycles assuming no detrimental

effects due to corrosion,

The tests vere conducted in the folloving manner:

1. Soak coated specimens in sea water for pre-

dctermined periods of time (one month or two
months). This exposure to be made at Harbor
Is<land.

2. Ship wet to LTV for fatigue cycling.

3+ <CYycle for 3.5 x lO5 cycles in simulated

sea water at a maximum axial stress of 50 ksi,

R:O.lo.

4. Ship wet to Harbor Island for an additional

period of static immersion.

>. Repea: eteps 1, 2, and 3 twvo more times,
except cycle to failure during third fatigue
cycling period,

Test results uare oresentea in table 4-5 and
ligure «.13. After testin3g was completed all specimens
were carefully examined and, with the exception of
specimen number 1 discussed earlier, vere found to have
experienced normal fatigue failures. Neither the flame
sprayed aluninum ncor the lHY-130 base metal shoved any
signs of corrosion, In addition, the scatter observed
in these tests is consistent with that observed in most
fatigue tests and cannot be sttributed to any abnoraal
behavior.

It may be concluded from these results that
tiie protective ccating used [.:r this 1nvestigation pro-
vided sufficieat protection to prevent base metal
corrcfion and Tatigue life deterjoration for a period
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of at least six months. This is not to say, however, that detrimental effects

may not be observed after longer periods of exposure. Before coating lives
can be extended beyond present capabilities, it will be necessary to conduct

additional investigations of this nature covering significantly longer exposure

periods in order to assure structural integrity for the life of the wvehicle.

h.h IMPACT TOUGHNESS

During tie Phase II screening tests toughness evaluations were
made on the basis of percent elungation from tensile tests, Charpy V notch
tests, Nil-ductility-transition tests, weld bend tests and notched-to-
unnotched ratio tensile tests. These tests were adequate for the early
comparisons; however, as the program progressed, toughness deficiencies
became apparent in most of the candidate materials and the wmore sophisticated
toughness test techniques and criteria became necessary. Toward the end of
Phase II, toughness data became available on a number of structural materials

from the NRL drop weight tear tests, the explosion bulge test and the explosion

tear tests, reference ll.

There i8 no established design procedure for direct relation of
the impact toughness of a meterial to the toughress requirements of a
structural component such as a hydrofoil. A measure of relation has been
schieved by laboratory correlations of a large number of field service
failures ranging from Lidberty ships to pressure vessels. A large variety
of laboratory test techniques have been developed and are used to deterwine
the relative toughness of structural aaterials. The results of these tests
are applied to nev designs mostly by design intuition and comparisons with
previcus experience wvith similar structures. In the hydrofoil materials
program, materials were tested for impact toughness using the classic Charpy
V notch test and the NRL drop weight tear test over a ‘empersture range that
ic expected to braciet any hydrofoil operation. The required t ss level
for titanium was tentatively established at 35 fout poun's at 32°F for the
Charpy V notch test. Minimm toughness requirzments, as ntasured by the NRL
drop weight tear test, have been establishe? at 2000 foot pounds for titanium
and 3000 foot pounds for steel at 32°7. These values were tised on a large
number of explosion 'ear tests conducted by NRL on hull plate materials to
simulate dept: charge tlasts on submarines.

In the selection of alloys for this program, initial toughness
goals were outlined by BuShipe technical areas. These initial values were
based on the background of the Havy in increasing reliability of ship and
submarine structures by a toughness requirement for materials of comstruction
both in the welded and unwelded condition, particularly in the presence of
a flav., By comparison, toughness has not been a major factor in the design
of aircraft components; however, increasing numbers of brittle failures
occurring in high strength load bearing components have caused changss in
some designs. 1n this case, vhen toughness in the parent material and weld
areas can be increased to acceptadble limits by heat treating the entire
structure to an acceptadble lower strength level, this action bas been taken.
In other cases of aircraft landing gear vhere weight was extremely critical,
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the higher strength materials have been retained. In these cases,
manufacturers have paid the price of the more careful processing that is
required for reliable performance.

These twvo examples of material and heat treatment selection are
briefly mentioned here because they represent extremes between which hydro-
foils and struts are logical intermediate cases. They represent the
intermediate position by way of the importance of weight to performance,
the probability of encountering major impacts, and the consequences of
brittle fracture. For brittle fracture, however, the consequences may He
no vorse than for the landing gear cxample, reference 12,

Many of the candidate hydrofoil materials were eliminated from
the program because of Jeficient toughness. In most materials the impact
toughness is an inverse functicn of the yield and tensile strengths and,
consequenily, vhere strength levels can be controlled by heat treatment,
there is a corresponding toughness control. The strength-toughness relation-
ship differs substantially for different materials and even for different
alloy compositions of similar materials. Ti TA1-2Cb-1Ta and T1 8A1-2Cb-1Te
are the only titanium alloys investigated in the hydrofoil materials program
vhich met the minimum toughness requirement. Ti GAl-4V (ELI) with a special
anneal at the beta transus temperature gave 22-24 foot pounds Charpy V notch
vhich is a significant toughness improvement; however, comparison with NRL
data indicctes that the 2000 foot pound drop weight tear test requirement
would not be met. In all cases, the weld toughness for titanium alloys was
at least as high as that of the parent material.

b.b,l HY 130 STEEL TOUGHNESS

HY 130 was the only steel tested in the program which provided
adequate toughness. Here, also, the weld toughness equalled that of the
parent material.

The results of the toughness tests for the two final selection
materials are shown in Tables 4.7 and 4-7 and Pigure bL-11.

The NRL toughness evaluation techniques had provided toughness
substantiation for HY 80 and HY 100. Since these materials were both in
use for the fabrication of the PC(H)-1 and the AGR(H)-1 foil structures,
BuShips technical personnel requested that final evaluation for steel in
this program be made on & higher heat treat condition of the same material.
Available data for HY 80 and HY 10C steel indicated this material should
bhave adequate toughness and stress corrosion resistance through the 130-150
KSI yield strength range.

Metallurgically, except in the brittle temper range, lower
strength levels resulted in increased reliabtility through greater ductility,
notch toughness, and greater resistance to brittle failure. HY 130 alloy
heat treatment was selected to preclude stress corrosion cracking in the
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heat affected zone, and provide sufficient toughress to withstend severe
impact without brittle failure,

This plate was given a high dezree of cross-rolling (one to one)
shown by Puzak and Loyd of NRL (Reference 13) to develop improved toughness
in the weak direction. This cross rolling, chemistry and heat treatment
resulted in toughness values considerably higher than expected for this
combination on the welded or unwelded condition as shown by comparison with
values 1isted in figure 1{ of reference 1k,

bb,? Ti TAl-2Cb-1Ta TOUGHRESS

Toughness, strength and reliability have influenced the evaluation
of titanium in the same manner as steels. Initislly a low-interstitial
Ti-5A1-4V was considered the best compromise material. Since stress corro-
sion cracking was considered an unlikely occurrence in a marine enviromment,
only impact toughness and its relation to reliability were given consider-
ation. The NDT test corresponding to a five to seven percent strain before
fracture in the explosion bulge test was used as the desirable value wvhich
only the T1-TAl-2Cb-1Ta alloy of the presently developed Titanium allays
could meet, This essentially embraced the reliability requirements of a
submarine application,and this need justified the introduction of a new alloy
into a relatively newv and severe application. At this time the pertinent
question of results of impact on the safety of the craft wvas asked. This is,
"Is it better to have a strut and foil break free completely from the hull
structure or have it severely deforemed so that control may be impaired?”
This question, as the toughness criteria in general, leaves wany unknowns to
ponder. It is believed that future designs will take advantage of higher
mechanica) properties and proved corrosion resistance with a lower toughness
requirement, vhile maintaining or improving reliability.

Titanium toughness data are presented in Tables 4.6, k=7 and 4-8
and Figure 4.12. Toughness data for T{ 6Al-4V are presented to show the
increased toughness that can be obtained in this material when a near-beta-
trensus heat treatment is eamployed. The Charpy V notch valuses shown represent

approximately S50% increase in impact fracture energy over that for the
"ae received"toughness.
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h.5 mIal CAVITATION, EROSION DESIGN INFORMATION FOR SEA WATER

This rection is intended to give the designer general guidelines
and data to aid in decisions in mirimising metal loeses resulting from
corrosion, cavitation, and erosion and to estimate skin thickness necessary
to compensate fur losses dus to these factors.

A.5.1 SUBMERGED SPATIC CORROSICN

Static corrosioca metal loes rates are given for a nmber of
naterials in Tables 2-9 through 2-15 and Pigure 2.1, Appendix A. These
rates cal be_used to estimate the losc in thiclness in inchee per year,
ipy, or mils per yeer, mpy, (1L mil = 0.001 ind. :s) for ‘e periods of time
that the unprotected foil is subnerged either a* dockside . > during hullborne
operation at low operating speeds. These values -ar alsc e used to estimate
corroeion rates of the foils in the r tracted psitior This estimate would
be based on the fraction of the time itbe foil would be wvot vith sea water
spray. In the case of submerged times on HY-130 steel, the corrosion rate
can be reduced markedly by coatings and by application of a cathodic
protective system. The latter protection «s not studied in this prograa.
Titanius and titanium allnys are essentia..vy free from any submergec static
corrosion metal loss.

k.5.2 PITTING ARD CREVICE CORROSICN

Pitting and crevice formatiun is given for the materials where
these phencmens vere seen to occur. The HY-130 material, although not
opecifically tested in this progruam, performs generally as other low elloy
steels and does not pit deeply. It shows a .00T inch average for the ‘en
deepest pits dased on data for aaother low alloy steel wvhich is cazly .0@
ir ches greater than the overall aversge of 0.005 inches per year metal
lozs. Titaniwm alloys including the T1 GAl-AV and P4 8A1-2Cb-1Te do not pit
or corrode preferentially at crevices. Data for other alloys evaluated in
Phsse IT of the program are presented in Appendix A. Significent increases
in corrosion retes vi.l be noted for same materials vith an increase in
the tempersiure of the amb‘ent :<a water and the resultant increase ir fouling
organism popul.tion. From a design viewpoint, i1 {s Joubtful that materials
vhih are not protected to prevent fouling, pitting or crevice corrosion,
and vhich have a significant tendency to these effects, are precticai for
foils which cannot be retracted. For retractable foils, these effects must
be taken into comsideration _n the aviidance of crevices, vater trape i
the retracted poeition and, if possidli, providing for wash down of the
foils wvhen retracted. Comparstive dats shoving the advantages to be gained
by monthly removal of fouling organisas from a foil that 1is coetimuously
sulmerged are alsc shown in Appendix A.
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e5.3 CAVITATION - CORROSION

Metal .osses due to the combined influence of cavitation and
corrosion can be seen in Tables 2-32 and 2-33, Appendir A, to be of a
higher order of magnitude than for stetic corrosion alone. Although the
exact relationshipe of the cavitation intensities in the magnetostricture
and the rotating disc tests to those which occur on the foils at 90 knot
velocities are not known, experience on the PC(H)-1 indicates that these
tests are not too severe. Thus, it is apparent that the steel must de
protected from low intensity cavitation and that at high cavitation levels
the titanium alloys will also require protection. The use of coatings to
obtain this as well as corrosiocn and impingement erosion corrosicn protection
is discussed in Section 4.7.

Assuming that the geometry of the foil and struts will geaerate
cavitation implosion intensities equal to the NASL cavitation disc, the foils
and struts manufactured :rom titanium alloy will be essentislly free of
cavitation problems at velocitics up to 125 feet pe. second, but will reech
a threshold at some velocity between 125 and 150 feet per second vhere
major metal losses begin to occur. If the more advantageous course of
desizn around cavitation damage cannot be taken, then the addition of
elastomeric overlays in these localized areas is recommended (See Section
4.7). References <. thru ' ; offer a sophisticated approsch to material
properties to resist cavitation damage and refercnce 5 gives cavitation
date for a large number ~f material:. In this prcgram, there was a general
correlatica of higher hardness and good corro-.on resistance with higher
resistance to cavitation-corrosion damage.

L.S.4 IMFINGEMENT - EROS ION

A large body of data has been genersted by investigators
covering the increased wetal loss rates with increaseld sea wvater impingement.
Many materials are shown to have & threshold for markedly increased ae:al
loss retzs at velocities belov fifty feet per =econd. This is delievea tc
be a function of the structure of the metal oxide and the adheaive strength
of the oxide tc the metal as it is formed {n the marine enviromment. Wwhen
the forces resulting from velocity and angie of impingee:nt ars great enough
to remove the protective oxide, a fairly rapid reformation of the oxide
follows with the resultant loss of oetal and strength. The rate of oxide
formation (corrosion rate) is thus seen tc be a significant factor.

The ‘apingement angle has been found to affect the degree of
damage experienced on sircraft operating in rain at speeds above 500 mph.
Inpingement erosicn of metals, coatings, and plastic laminates in this r~es=
has been found negligible at angles of impingement of less than 15 degrees
to the surface. Thirty (30) day, 45° impingeament angle, S0 knot sea water
{impingement dats for steel and titaniue alloys are shown in Tedle 2-31,
Appendix A. Lov alloy steels lost metal at rates greater than J.1 inches

m\\[yrﬁ 2
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per year of operaiion at 90 knots. This is 20 to 100 times the static
corrosion rate and is expected to he higher as the angle of impinge-
ment increases from 45 to 90 degrees and markedly lower as the angle

of lwpingement decreusec and laminar flow is approached. Thus this
increased metal loss rate requires attention for materials along
leeding edges and in turbuient areas. The weld areas of gteel ere secen
to be slightly better in resistance to impingement-ercosion than the
paerent steel and titaniwi alloys, welded or unwelded, are essentially
immune to this effect at 90 knots.

4.5.5 STRESS CORROSICN CRACKING

Time dependent brittle cricking which occurs under the
influer.ce of continuous tensile 2tress and a corrosive enviromment is
commonly Xnown as stress coirosicn cracking. The most common form of
stress causing these failures are those residual stresses resulting
from fabrication such es welding. Since hydrofoil struts and foils
will he of such size that neat treatment and stress relieving after
heal treatment is impraciical, testing in Phese III was done using 5
inch circular restrained welds on one foot -quare plates one-helf and
one inch thick. Thus, the parent metal, weld and heat affected zones
wvere present as they will corcur metallurgically on the foil, Exaci
stresses prasent are not known, but they are known to be high,

Reference 15, Higher strength levels have generally resulted in greater
susceptibility to stress corrosion cracking. Higher stress levels which
exceed broad thresholds for cracking 2lso cause a decrease in time to
fallure. Thirty month exposure of rest-ain welded HY 120 hecast treated
to the 145 rsi yield streng*h range in the 80' lot at Kure Beach indicates
that 1t is insensitive to this effect in a marine atmosphere. As shown
in Table 4-9 and Figure 4.13 the T1 7Ai-2CbL-lTa does stiress corrosion
crack and thus, in its present form, is not a suitable ailoy lor use in
this environment. Other stress corrosion data indicair the cracking of
4330M steel when siressed to ninety percent of 16C ksi yield strength
and even as low as 150 ksi vield strength. Ti OGAL-LY stressed in a
restrained weld gpecimern has shown no signs of failure Lo date after
aumcspheric and submerged exposure a:s shown in Table 29, Appendix A.

T™us, ltitanium alloys previocusly thought to be immune t-. stress
corrosion cracking will have to be carefully tested for this phen-mena.
Steels heat treated above 150 ksi yleld strength and exposed in the
welded condition will be subject 1o suspicion, particularly in the heat
affected zones.
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L.6 CD4-MCu and 17-4PH STAINLESS STEEL CASTINGS

During Phase I and II of this program, no casting materials
wvere investigated which proved suitable for use on operational, full
size, non-retracteble foils. Another possibility for casting use arose
in test programs utilizing solid cest hydrofcils for hydrodynsmic
experinents, In this program, it was assumed that castings can be
used to adventage from a structural geometry and cost standpoint. It
wvas also assumed that the foils can be remcved from the water when not
in uge and the relatively short life of less than 1,000 hours makes
long term submerged static corrosion properties less important.
Corrosion-fatigue and stiress corrosion cracking tests were designed to
supplement ratigue data available from the Lebanon Steel Foundry and
stress corrosion cracking date from the Marine Engineering Leboratory.
17-4PH was given the H-1100 age end CD4-MCu was heat treated with a
furnace cool to 1750°F to minimize quench or stress corrcsion cracking.

b.6.1 CD4-MCu

CD4-MCu was tested for degrada*ion by static corrosion,
gtress corrosion cracking and corrcsion-fatigue. Stetic corrosion
specimens were welded and reheat treazted to simulate the practice for
small foils requiring repair welds. A second weld was placed on the
specimen which was not heat treeted after welding to simulate minimum
labor and time delay practice for use whenever this was shown to be a
satisfactory repsir method. Rapid pitting action up to 143 mils deep
after two months static exposure indicated this materiai to be unsatis-
factory. Static corrosion data obtained thus far are presented in
Table 4-10 and Figures 4.l4 and 4.15. Stress corrosion cracking tests
were carried out with the standard bent beam specimens having welds both
heat treated after welding and without subsequent heat ‘reatmeni, stress
to ninely percent of yield strength. Results shown in Table 4-i0 show
nc cracking either submerged in sea water or in the marine atmcsphere
of the 80' lot at Kure Beach after & nine month expcture. These tests
are being continued in order to have long term data for this chemistry
and heat treatment to more completely characterize the variables which
affect cracking. A more extensive stress corrosicn program run by the
Marine Engineering Laboratory has shown CD4-MCu to crack in several
different compositions and heat treatments so that a satisfactory set
of parameters to prevent cracking cannot be defined. An additional
prograr being carried out by MEL and Ohio State Uaiversity is now in
progress in an effert to define these parameters. At this stage cf
development, the materia, appears to be unsatisfactory for hydrofoil
uge. We:ding of ine CD4-MCu alloy to simulate repair welds was not
developed in in‘tial crials zhown in Section 5.0. Further work cn this
material was abandoned because of the corrosion and ccacking cccurring
in this and the referenced MEL program.
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L.t.2 17=4PH-H-1100

The 17-4PH-H-1100 casting material was tested for stress
corrosion cracking, repeir welding, and in corrosion.fatigue life. The
stress corrosion cracking teets were run by velding the specimens as
described in Section 4.6.1 for CDi-M Cu. Specimens vere exposed
in the unwelded, as welded, and welded and rcheat-treated conditions in
order to determine if stress corrosion cracking would occur in weld heat
affected zones and if reheat treatment after welding were necessary to
prevent HAZ cracking. Nine monthe expcsure of these bent beam specimens
exposed submerged in sea vater and in the marine atmosphere has shown no
failures to date. These specimens are being retained in test for rurcher
substantietion of these results.

Repeir welding of this alloy presented some difficulties.

Cracking during root pass welding was minimized tut not completely elimin-
ated by making a large percentage filler metal to base metal weld deposit
in the root pass. Excessive varpage wvas reduced by alternate welding on
the frunt and back side of the plate using the procedure shown in trial 3
on TebleS5-19 . This method is recommended for use when it is possible to
weld on both eides of the casting or in shallow (1" deep) areas. Other-
wise, 5 stress relief after weldirg would be desirable to minimize residual
strceses -

L.6.3 CORROSION FATIGUE

Initial screening tests were conducted on unnotched, unwelded
specimens fabricated from both CD4-M Cu and 17-UPH cast materials to obtain
corrosion-fatigue data for comparison with earlier work done during the
Phase II effort on this program, reference 2 . ‘The specimens wvere
tested in sea water under reversed bend’ng conditions (rotating cantilever
beam) t~ establish the approximate faiigue strength of 107 cycles. The
resuits [ these tests are presented in tablek-11 . The tentative fatigue
strengtha obtained from these tests were 22,500 psi and 35,000 psi respec-
tively for the CDi-M Cu and 17-UPH caet materials. The data contained
in reference 2, were extrapolated to furni.r. a basis for comparison
with these results. This extrspclation indicated that the fatigue strengths
for unprotected HY-130 and 17-4PH plate would be approximately 22,507 psi
and 36,500 psi respectively. It can thus be seen thai the two casting alloys
demonstrated fatigue lives which were comparable to those established for
similar vrought materiels during earlier work on this prograam.

As discussed previously, the CDi4-M Cu cast material proved to
be zapecially susceptible t> stress-corrosion cracking in the welded condi-
tion 30 that further e¢valuation vork wvae dropped. Additional fatigue test-
{ng was done, however, on the :ast 17-4LPH materials in the wvelded condition.
Blanks were welded at LTV and #hipped to Harbor Ieland for machining and
testing in sea water. A total of four rotating beam epecimens were fabri-
cated and tested. The results of these tests are shown in Table L-12and a

OO, N
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tentative S-N curve ie shown in Figure 4,16 . Since these tests vere
conducted under different types of loading and stress ratios than those
reported earlier in Table 4-3, (R= -1.0 vs R= +0.10 and rotating bending
vs axial loading), it was necessary to convert the data for purposes of
comparison. The projected behavior of this material under axial loading
conditions and a strees ratio of 0.10 is shown in Figure 4.15 as a scatter
band which brackets the expected range of behavior. This was done to
account for the limited amount of data to form a base for the conversion
and, in addition, to compensate for possible differences in effect between
bencing stresses and axial stresses. Also shown in Figure 4.16 1s the
reference curve for HY-130 steel as reported in Figure 4.09. Inspection of
this figure will show that the anticipated fatigue life for the 17-UPH
steel casting is at least one order of magnitude higher than that shown
for the uncoated HY-130 steel.

It may be concluded from the data reported herein that, from
the standpoint of fatigue behavior only, the unprotected (Di.M Cu castings
will be at least as good as the unprotected HY-130 ste2l plate and that
the 17-4PH {8 decidedly superior on the same basis. It should be noted
that both the CD4.M Cu and the HY-130 will probably show significant losses
in fatigue strength if tested over a longer period of time when the effects
ot corrosion will be more pronounced. It is thus considered mandatory that
these materials be supplied with a protective coating to insure fatigue
life under the environment encountered by a hydrofoil vehicle. Although
the fatigue life of the unprotected 17-4PH casting is not fully substan-
tiated, it is considered a feasible material for use in castings for test
vehicle foils.

- Lo
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b, 7 COATINGS
k.7.1 COATING OPTIMIZATION

Preiiminary work in this program and work by NASL,
refersnce 5, indicate that where cavitation of significant intensity
is present, hard, resinous coatings are not adequate and elastomeric
coatings are required. Impingement of water at a forty-five degree
angle and a ninety knot velocity, however, showed the harder, resinous
coatinge vithout resilience to be superior. Two approesches to obtain
a coating system tc witl.atand botih of these effects wvere considered.
One approach was to increase the thickness of the better cavitation
resistant elastomeric coatings to permit greater energy absorption
without cohesive rupture by distributing the stress across a greater
numoer of molecular bonds. The second approach, not explored in this
program, was to seek an intermediate group of properties, i.e. hardness,
resilience, and elongation between the resin coatings which are resistant
to the jet impingement and the elastomers which are resistant to cavi-
taion. It was hoped that buth effects could be overcame in a coating of
20 mil thickness. This approach, explored in the Hydrofoil Coatings
Program, reference 15, has not proved fruitful. This indicates that
coating systems for hydrofoil craft, like coatings for aircraft should
be designed for a specific hydrofoil craft and for specific areas of
the foil. This approach will allow the full advantage of a variety of
available coeting properties to meet specific levels of cavitation,
erosion, maximum velocity and submergence times.

Excellent adhesion is always a primary requirement. If the
coating system will not remain firmly adhered during high performance
flights after long immersions or exposure to sunlight and the tempera-
ture cycling of weather extremes, the system cannot perform its
protective function. This can be seen by the adhesion failures indicated
in the impingement and static corrosion test results shown in Figures
4.17 and 4,18 and Figures 2.8 and 2.9, Appendix A. Steel surfaces were
found to be best prepared by grit blasting to bright metal in order to
increase the available surface area to promote adhesion. In addition,
selection of the primer coat, which is primarily responsible for
adhesion and corrosion protection, is of extreme importance. The results
of static immersion tests, Table 4-13, and ¢ea water impingement tests,
Table L-14, indicate that Coast Pro-Seal 777P, Bostik 1007 and possibly
other previously evaluated primers are moisture sensitive and thus
unsuitable for use in severe marine environments. More work is needed
in this arca. A variation in results ror coatings over a flame sprayed
aluminum metal has been experienced. This area will require further work
to determine wha. factors are causing the variations,

The succeeding layers of coating al:c play an important role
because of their ability to limit the amount of water or ion permeation
to the metal-primer interface. Each coating has a specific rate of
moisture permeation dependent on formulation, method of application and
thickness. lhese outer layers of coating also play a large role in
protection from cavitation damage as previously discussed.
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High speed vater impingement is damaging to many coatings
by tearing out small particles, in much the same manner as cavitation.
It has been shown that by increasing the thickness of the Mosites
60125, bonded in place, uncured neoprene coating from 20 to 80 mils,
resistance to both cavitation and impingement is obtained. This
coating system can be further optimized by improving the primer peel
strength which is shown in Table 413 to be reduced considerebly after
immersion. Demage severity at high velocities is a function of the
angle of impingment as has been noted in rain erosion damage to aircraft.
(See Section 4.5) Quite a number of resins have shown resistance to
90 knot sea water for a period of thirty days at an impingement angle of
4s° in the Bydrofoil Coatings Program. Several elastomers have also
shown this same resistance. Inoreasing thickness from 20 to 80 mils
and hardness from Shore A 55 to Shore A TO has improved the performance
of elastomeric coating systems.

b.7.2 FOULING EFFECTS ON COATING SYSTEMB

Fouling vhich adheres to the foils and struts during
inoperative periods is of major concern for non-retractadble foils. For
this reason, the question of damsge to an underlying coating on a
hydrofoil and strut surface due to fouling attachment and subsequent
removal during high speed runs is pertinent. A test was conducted to
determine if fouling attahments could be removed from a foil during
the take-off run. A low alloy steel foil model for the LTV water vheel
vas coated with 0.080 inch on one semi-span and 0.125 inch thicknesses
on the other semi-span of a cured in place Mosites 60125 neoprene
rubber. The foil model was placed in a shaded location in Gulf of
Mexico waters just below the tidal zone for a two month exposure during
February and March. The model vas transported from the Gulf to the test
facility in a ceramic container of sea water and placed in tis¢
immediately vhile it was 75 percent covered with live barnacles. The
initial test run vas at 45 knots, a 3 inch depth and a negative three
degree angle of attack. This angle (-3°) was chosen to obtain cavity
closure on the upper surface of the foil.

Essentially all of the fouling was removed from the leading
edge after a series of runs which totalled 15 minutes at 45 knots, 11
minutes at 55 knots and 12 minutes at €5 knots. No other areas of the
foil surface vere entirely cleaned by the above exposures vhich are
described in Table 4.-] ' These areas prodbably Jid not undergo direct
vater impingement due to excessive turbulence anl cavitation. The
barnacles that were removed were broken so that the walls of the organism
vere left attached to the rubber. This isads to the conclusion that at
these velocities the barnacles can be destroyed leaving only a thin
calcareous residue if a high angle of impingsment is attained. This
appears to be a fairly slow eroeion process and the rate seems to de
dependent on a numder of contributing fesctors among vhich are the
following:
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a. Angle of water impingment
t. Bwrounding organisms providing structural support
¢, Velocity

4. Exposure time

Fgure 420 shows the areas frum vhich the barnscles were
removed. These show up in the pictures as dlack arees flecked vith the
white bases still attached. The undamaged organisms shown may de in
the areas vhere a cavity formed which protected thea from erosion. Tae
results indicste that (1) critical leading edges and other areas vith
high impingsment angle may be essentially freed from organisms of this
type at velocities in the range of 45 knots and (2) that coctings with
cohesion and adhesion equal to or better than the 60125 neoprere will
not be dsmaged from fouling removal by water erosion action.

h.7.3 COATING AFPLICATION PROCEDURES

The coating systems described in Pigures 4.17, 4.138, 4,19,
.20, b.21and Tables 4-l3, 4-1k, 4-15 pnd 4-16 were applied as follows:

A. Alumina grit dlast all surfaces to be coated

B. Vapor degrease®*

C. Apply 3 wils flame sprayed 1100 aiuminum wire#

D. Vapor degrease

#*  BNot required for Goodyear 23-56/M-1500 zinc rich epoxy
polysmide sea vater impingewsnt specimen or coated and
fouled vater vheel model.

E. Mosites 60125
1. Brush apply thin ocoat of Mosites 60125 primer and

air ary 20-60 minutes.

2. Prush apply thin wat of Mosites 60125 adhesive and

air 4dry 30-60 minutes.
3. Roll on required thickner of Mosites 60125 calendered

ssoprens sheet, sealing edges required.
b. Cure 1 hour in autociave at 310 F. and 90 psig.
F. DPostik 1007 Primer

1. Spray apply 0.5 mil wat and air dry 1 hour.
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Andrev Brown Co. M-1500 Zinc Rich Epoxy Polyamide Reein

1. Mix componets and let stand 1 hour.
2. Spray apply 3 mil coat and air dry U4 hours.

Goodyear 23-56
1. 8pray apply 0.3 mi}) coats to obtain 20 mils dry films

thickness alloving 15 minutes between coats.
2. Cure 10 days at room temperature.
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4.8 CHEMICAL COMPOSITIONS, HEAT TREATMENTS AND VENDOR

NECHANTCAL PROPERTTES

Table 4-17 presents mill data obtained from vendors for the
materials that were used in this program. In addition, the basic
specification requirements and limitations are included in this table
for reference.
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TABLE L-1

RBSULTS OF TENSION TBSTS ON WELIED AND UNWELIED Ti TAl-2Cb-1Ta

(1) Specimen failed outside weld area,
(2) Specimens welded as des<ribed in section 5.3.7.

Spec. Type Fiu Fy E Elong. h
No. Spec. ksi kel |psi x 105 % tn 2 in | Remarks
LU-1 Unwelded 115.9 | 105.1 17.7 r 15.1 - 1
LU-2 Longitudinal | 117.0 | 10k.4 | 17.7 12.0
LU-3 118.4 | 104.2 | 18.7 12.3
Avg: 117.4 104.5 18.0 13.1
S| T Unwelded 116.8 | 103.8 | 17.h4 15.1 _—‘
é T0-2 Transverse 117.9 | 1ok.6 | 18.3 12.3
X | T3 117.9 | 105.0| 17.9 13.7
E Avg: 117.5 104.5 17.9 13.7
g [ 121 Welded 122.4 | 107.5| 18.0 12.0 | (1) |
: 12-2 Transverse 118.9 105.1 17.5 10.8 (1)
12-3 121.4 | 108.8 1 18.0 10.1 | (1)
12-4 119.8 | 106.0| 17.9 1.5 | () |
12-5 120.0 | 105.9 | 18.0 12,5 (1) !
Avg: 120.5 | 106.6 | 17.9 uk “"
197-5 Unwelded 116.5 | 102,07 17.5 | 13.2 i
197-6 | Longitudinal | 115.5 | 102.7| 17.5 . 2.3 |
Ave: 15.0 | 102.3; 1.5 | L.e R |
8 20r-8 Unwelded 110.9 103.% ¢+ 7.7 11.5 ‘ i
E 20T-9 Transverse 117.3 102.9 13.0 | 15.5 ‘ f
x 20T-10 117.9 | 103.9| 17.8 n.s ‘
E Avg: 117.4 __;1;—3.&L 17.8 : E.'_e__j_ o j
o | 1A Welded 18.5 | 4.3 17.2 | 11.1 (1)
§ 14T-2 Transverse 117.5 | 195.4; 17.9 G.0 (1)
2| 1wr-3 118.5 { 104.5 | 17.0 12.2 R
;" 147-4 ; 17.3 ' %0l 172 1 0.3 ‘1) l
1hr-7 j 1150 ‘ i0b.1§ 17.1 9.8 I (1}
| Avg: , 7.7 0 k6l 173 1.7 |
Notes:
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TARIZ b-2

RESULTE OF TEMSION T2STS ON \ELIED AND UNWELIED HY-130

Spec. Type Feu £ E Elong.
No. Spec. xsi ksl [pet x 10| 4 1n 2 in| Remarks
UL-1 Unwelded 1h7.2 | 138.7 .6 14.9
UL=-2 Longitudinal 144 .8 136.8 28.8 14.5
UL-3 (%) 147.1 | 13,1 | 28.2 4.5
Avg: W6.3 | 1375 29.2 1.7
Ur-1 Unrwelded 147.5 | 139.7| 28.5 14.1
ur-2 Transverse 186.5 139.3 29.1 12.7
Ur-3 (&) 1t8.7 | 180.7| 28.5 13.7
3 Avg: 7.6 | 139.9| 28.7 13.5
5‘, 1-1 Velded 132.8 | 127.0| 27.7 12.5 (2)
¢ 1-3 Transverse 133.3 | 123.0z 29.7 9.5 (2)
£ 2-1 (5) 13.6 | 124.5| 29.6 9.5 (2)
5| 22 132.6 | 122.0. 29.4 | 0.7 (2)
M 5911 131.5 | 1247, 26.0 | 5.E
- 592 130.6 | 123.0' 29.1 | 5.3
59-3 l135.5 | 123.3| 27.9 | 10.3 (2)
59-k 1.2 | 12650 300 100 0 (2)
5%-5 138.9  128.0 ¢ 23.5 wa (e
59-6 1337 | 128.3 0 29.§ A5 ;
Avg: 1133.7 1248 291 9.5 ;
2.1 | veided 188 | 1k.0. 7.8 b (3) |
22-3 Transverse (1)! 13%.2 | 115.b ¢ 3.0 10.6
Avg: 126.5 | 1L.7! 204 J 7.5
S| 28L-b | Unwelded 137.7 | 1255 26.0  10.7
| & 251-5 Longitudinal | 136.9 | 130.2 . 29.5 10.2
:§ 2SL-6 (5) 138.4 ' 1307 28.0 11.1 !
£ Avg: 137.7 | 1.5 28.% 10,7 :
' ; T T 1
K 1ST-1 Unvel ded | 1374 127.9, 284 12.1 |
;_’: 18T-2 Transverse 137.° 1);~ 28.1 1n.2
'S 1sT-3 (5) J1¥E 1290 290 . 1
Avg: 1373 1250 s a1 ’L |
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(1) Hand welded specimen blanks.

(2) Failed away from weld.

(3) Weld contained rlaws [cracks).

(4) As recetved "high strength” meterial

(5} Redrawn to lower strength levels.

(6) Specimens welded as described in section 5.3.1.

SUPPLEIENIANY VELD ST ENTTH TATA

.~ a3

vy oo~ Y
(Ref., tectior ©.3.1!

ot

trch thick NY-13C welded wit! Linde '4 wire

No Ftu Try T glong r o T
’ < Lo oELB . Temarks
Ksi ¥si _‘ “qrn T oin ! € }

1 ICLPLANN B Ul I Ne 17 to 77,0 fagdeg/in f
2 1444 10,3 | 3.5 Q con'r tuterpucs temperato.re ;

Kotes:

1) 1/2 tnen round by € incl zoge larz'b —pecimens.

2) ALl specime.s falled irn weld,

Page 4, 28
LTV VOUGHT AERONAUTICS DI 'ISION
TABIE 4-2 (CONCLUTED)
, e
Sper. |  Type Fey Fy, E _| Elong |
No. Spec. ksi key psi x 1061j in 2 in | Remarks |
!
§ 155W.9 | Welded 13.1 | 122.8| 28.6 | 8.3 (2)
: 155W-10| Transverse 135.1 | 1% 28,0 ! 9.0 (2)
i
- 155W-11 (5) 135.5 | 1le.1 | 28.6 2.3 (2)
E 15SW-7 1344 | 123.9] 28.0 10.7 (<,
,§ 153w-8 136.6 | 126.b 1 29,2 9.5 (2)
{ LV .1.35-2 12&;3 2805 9.2‘
~ - <
Notes:
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TABLE 4-3

HY-130 CORROSION FATIGUE TEST RESULTS

Axial Loading R = 0.10

Spec.

No. f max Cycles Remsrks

SF-1 75,060 7,000 Slight porosity in welé?
SF-2 52,000 67,000 Slight porosity in weld.
SF-3 45,000 382,000 Normal.

SF-L 62,007 Lg,000 Normal.

SF-T 75,000 32,000 Normal.

SF=-5 25,000 10, 33%,000 No failwre.

gr-6 62,000 52,500 Normal.

SF-8 32,000 376,000 Normal.

SF-9 75,000 261,000 Large void in weld.
SF-10 45,000 k08,000 Normal.

SF-11 45,000 307,000 Normal.

SP-12 32,000 Los,000 Slight porosity in weld
SP-13 32,000 3,12C,000 Failed away from weld.
Notes:

(1) All specimens soaked in salt water seven days prior to test.
(2) Specimens weldcd as described in 3Seciion 5.3.
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TABLE b4-4

Ti TAl=-2Cb=-1Ta CORROSICN FATIGUE TEST RESULTS
Axial Loading R = 0.10

Spec.

No. f max Cycles Remarks ;

Til-1 ks,000 100,000 Failed away from weld.

T11-2 38,000 435,000 Slignt porosity in weld.

T11-3 38,000 9,774,000 Norms1.

T11-k b1,000 350,000 Normal.

T11-5 41 ,00¢ 59,000 Normal.

T11-6 45,000 218,000 Normal.,

T13-1 52,000 78,000 Normal.

T13-2 52,000 52,000 Normal.

T13-3 38,000 429,000 Normal.

T13-5 45,000 302,000 “ormal.

T13-6 52,000 33,000 Normal

T13-7 33,000 990,000 Slight porosity in weld.

T13-4 41,000 7,834,000 Failed away from weld. J
Note:

(1) Specimens welded as described in Section 5.3
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TABLE 4-5

RESULTS OF INTERMITTENT CORROSION - CORROSION FATIGUE TESTS
(COATED HY-130 STEEL)

g e
Spec. Immersion No. of Immersion Cycles to

No. Period Immersions Time-Total Failure Remarks
1 1 mo. 1 1 mo. 200,000 (1)(3)
2 1 mo, 3 3 mo. 736,000 (2)

3 1 mo. 3 3 mo. 903,000 (2)

I 2 mo. 2 4 mo. 614,000 (2)(3)
5 2 mo. 3 6 mo. 805,000 (2)

6 2 mo. 3 6 mo. 2,320,000 (2)
Notes:

(1) Indications of pre-test damage to specimen.

(2) Inspection indicates normal fatigue failure with no evidence of
corrosion.

(3) Specimen failed prior to attaining desired total immersion time.
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TABLE 4-7
NRL DROP WRIGHT TEAR TEST DATA

TEST TEMPERATURE = 32° F

Ti 1Al-2Cb-1Ta HY 130
(Heat No. 291479) (Heat No. N 53023
Condition Energy Condition Energy
(Ft. Lbs.) (Ft. Lts.)
Unvelded Unwelded
Long. 211k Long 4000 - 5000
WR 2294
Welded Welded
1 2,80 1 2618
2 2900 2 2902
3 2900 EAZ 3333
Ti GAl-LV
Condition Energy
(Ft. Lbe.)
Unvwelded
-
Long
1 900
2 1000
3 200#
WR
1 660
Welded
1 3096
2 1840
3 LGLo

% No Failure
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TABIE 4-8
Ti GAl-4V CHARPY V NOTCH TESTS
ANNEALING FRACTURE Pry Py
TEMP OF%) EXERGY {xs1) (xs1)
(¥T. LBS. 932°F) .
1725 22,23 132,2 140.8
1750 23,22 137.4 140.2
1775 23,22 131, 140.5
1800 21,22 130.h 141.5
1825 24,23 133.8 121. 4
1850 19,19 134.0 k1. b
1750n% 30,29 105.8 126.0
1825u% 24,19 106.1 127.9

# Reheat treatment by L-T-V

## Sample of Ti GAl-4V (ELI) fram

Barvey Aluminum, Inc.

Mechanicel Properties

Composition (%)
Oxygen .06
Nitrogen .06
Carbon 025
Iron .11
Al 6.20

v k.12
™ R

Fry (KSI) .24 112.8

Py (KsI) 126.0
Blong. (%) 14
Red.Area (%) 36
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TABLE 4-11
RESULTS OF CORROSION PATIGUE SCREENING
TESTS ON CAST CDk-MCu and 17-LPH ALLOYS

Rotating Cantilever Beaa, R= -1.0
Unowvelded, Ky = 1.0

Mat'l Bpec Max Stress ty<les to
w No kst Pailure x 105 Remarks
CDU-MCu b99ANO2 15.0 12.281 No Failur:
CDh4-MCu L99ANO3 20.0 12.065 No Failure
CDh -MCu hzgmoh 2.5 10.090 No Failure
17-478 okB8AVOL 25.0 11.858 No Failure
17-4PH 048av02 35.0 13.785 No Pailure
17-4PH OL8AVOUL k0.0 1.52k
17-4PH ok8AvO3 ks.0 .T4O
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TABLE 4.12
RESULTS OF CORROSION FATIRE TESTS ON
FUSION WELDED CAST 17-4LPH STEEL
Rotating Beamwm, R- -1.° —
Ky = 1.0
Spec. Max. Stress Cycles to
No. ksi Failures x 106 Remarks
1 35.9 C.2u2
2 39.9 =, 368
3 25.0 1£.358 N> Failure
I 25.0 18.24c N> Failure
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TAJIE 4-15
PRYSICAL AND MECHANICAL PROPERTIES
CF CURED MOSITES (0125 CALENDERED

NEOPRENF SHEET (1)

PROPERTY RESULTS
Tensile 3360
: Strength (PSI)
Ultimate 450
Elongation (%)
Hardness N
(Shore A)
Tear L3, ;
Strength
(PL1) (2)
90° Peel Strength Spec. 1 - 1(
Ae Received (LB/IN) Spec. 2 - 27
(3) (4)
90° Peel Strength Cpec. 1 - 10
After 10 Days In Spe:. 2 - 11

Fresh Water @ (4° F
(LB/IN)  (3) k)

(1) 60125 neoprene cured per pasge 4,23, Tes.e performed Ly NASL.
(2) Per ASTM D-470-56T
(3) €0125 neoprene applied per page 4,23,

(4) Per FIMS 601, Method 8031.
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FIGURE 4.0G
STABILITY CURVES
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FIGQURE 4.13 T1-7A1-2Cb-1Ta 1/2 inch thick, 5 inch diameter circular
patch restrained veld specimen. Streas corrosion cracking occurred .
after 153 days in 80' 1ot at Inco Harbor Island (Kure Beach) 3
Corrosion latoratory. !
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Fipure w1l Diiwelie: ani welia® oud ctntle Zorrocsion
Spenimens after cixth monunl, remec1l, Left teld - hent
treated, 1 .fht well - exnore i &g wel lel,

Meure 1§ lose-up of inrced aree in r.ght vell of
“vecimen show~ {n Tigure 8 W (Atove Higure)
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Pigure W9 20 miis Goodrear 23-5 Neoprene over 3 mils (lame sprayed
1100alumizim (Top) aand nirew-Iruvn Co. M-1500 Zinc Rich Npoxy -
Polyamide Prire~ (Fottom) on HY130 after 27 hours exnosure to 90 kmet
Sea Water Impingement at 45° angle.
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5.0 FABRICABO.ITY DATA AND DISCUSSION

5.1 MACHIRABILITY

Comparative machining teets were conducted for Ti TAl-2Cb-1Ta
titanium and HY-130 ateel. These materials hsd the folloving mechanical

properties:

HY-130 T4 TAl-20Cb-1Ta

Stoel Titanium
Tensile otrength, prt 154,560 11€, 000
0.2% yleld atrength, psi 141,900 101,000
Elongatioo (2"} % 8 11.5

Machining teets vere conducted for the drilling, peripberel end milling,
end mill alotting and face miliing of these msterials. The procedure used
and the results obteined for each of these machining operaticns will be
discussed separately in this section.

5.1.1 DRILLING

Both Ry-130 zteel and T{ 7A1-2Cb-1Ta titanium are moderately
difficult to dril). whiie no unusual difficulties vere encountere? in this
evaluation, cutting sp2eds must be kept low in order to drill these materials
successfully. These materials bave the same machining index vhen drilled
at a cutting speed of 45 surfece feet per minute.

Stendard, NAS 907, type "B” high speed steel drills, 5/16-inch
in diameter vere used in these tests. Drill specimens were prepared from
1/2 inch thick plate, and tests were conducted on a positive feed drill
press. Drill life vae determined for several cutting speeds vhile holdi
feedrates constant at 0.006-inch/revolution. Drill 1ife vas considered
ended vhen the flanks or coruers of the drills had vorn ©,015-{ach.

Cutting Tocl Material - Ordinary M-2, high speed ste+l proved
adequate for drilling these msteri.als; therefcre, better mmterisle were not
evaluated.

Cutting Tool Geometry -~ Drill point geometlrsy tests were con-
ducted for HY-130 steel, and the results are siowa in figure 5.0!.
Although the 108° point angle drills vere siperior to all other point
angles investigated, the gains over the 1180 point angle &riil {vwhigh is
a standard "off the shelf” dri}i) vere not sufficientiy high to justify
ite use. Consequently the 118" point angle drill was selected for uese
in further studies. Sinoe previous driil ~eocmet:)y tests conducted on
titanium alloys other than the Ti-7Al-cCb-1Ta yielded results which
vere nearly indentical to those observed for the I'-130 steel, the 1130
point angle drill was alsc selected for furtaer vork vith Ti-7A1-IC:-1Ta.
In eddition, all drills vere ground vith split poiats as shown in [ligure
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Feeds and Depth of Cut - Due to the nature of this investigation,
feed rate and denth of cut were not varied. A fezed rate of 0,006-inch per
revolution was held constant, and all holes drilled were 0.5-inch through
holes.

Cutting Fluids - A heavy sulphur-base cutting oil was used for
these testa and gcod resuits were achieved.

Cutting Speeds and Tool Life - Taylor tool life curves were
plotted for HY-T§% steel and T1 [Al-2Cb-1Ta titanium as shown in figure 5.03
Data were cbtained for tise curves by varying the apeed of each drill and
noting drill life while holding all other variables constant. The cutting

speed vhich will pioduce 2 desired drill 1life can bLe predicted from this
graph.

During this study, it was found that stubby, sharp drills and
rigid set-ups were very beneficial when drilling both EY-130 steel and
Ti TAl-2Cb=1T& titenium. Other recomnendations for drilling these materials
are the same ror beth alloys and are given as follows:

Cutting Speed: 30 tc 40 surface feet/minute

Feed: 0.006-1inch/revolution

~utting Fluid: Heavy sulphur-base oil

Drill Material: M-2 high speed steel

Lr1ll Cecmetry:  118° split point, NAS 907, Type "B"

5.1.2 PERIPHERAI. END MILLING

When peripheral (side cutting) end milling, it is easier to
wachine T1 TA1-2Cb-1Ta titanium than HY-130. The Ti TAl-2Cb-1Ta titanium
was also found to be easier to machine than other titanium alloys previously
machined at LTV. When compared with HY-130 steel, Ti TAl-2Cb-1Ta titanium
has & peripheral end milling machinability index of 187%.

Standard, HSS (high-speed steel), U.flute end mills, 1/2 and
3/b-inch in diameter were used. One-inch Ti TAl-2Cb-1Ta titanium and HY-130
plateswere used for test evaluation. Cutting speeds were varied for each
test, while a feed rate of 0.0022-1inch/tooth and a depth of cut of 0.100-
inch were held constant. Tool life was considered ended when the flanks
of the cutters had worn 0.010 inch, as the primary clearance surface or margin
on the cutters was only 0.0l2-inch wide. Wearland values were measured with
a Bausch and Lomb microscope and tool life was measured by means of & stcp
watch. Cutting fluid compesed of Gulf 45B and 11D, mixed 1:1, was used
throughout the t_.st program.

Testing parameters are given below:
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Cutting Tool Material - Ordinary high speed steel (provadbly M-2
or equivalent) proved to be satisfactory for cutting T1 TAl-2Cb-1Te titanium
and HY-130 steel; therefore, better materials were not evaluated.

Cutting Tool Oeau%l - This factor was not 1nv83tigated;
however, standard end mills having a 30 helix angle and 10 radial

angle were pre-selected for this sfudy. BSuch a tool ggometry has a 21718
effective nka angle, vhereas a 45 helix angle and 10 radial rake angle
tool has a 34 11' effective rake angle. Based upon the best information
available, the latter tool geometry would be too "high shear” in this case.

Feeds and hs of Cut -~ Due t0 the nature of this investigation,
these parameters were nit varied. A feed rate of ©.002 inch/tooth and 0.100
inch deplh of cut were held constant. Based on past experience, heavier
cuts can be made in titanium than steel.

Cutting Fluids - Titaniur has a lov thermal conductivity;
therefore, a good coolant and anti-weld cutting fluid is needed when machin-
ing this material. A cutting fluid comsisting of one part Gulf 4SB (heavy
sulfur base oil) and one part Gulf 11D (mineral-lard oil) was used in this
study, and creditabie results were achieved for both Ti TAl-2Cb-1Te titanium
and HY-130 steel.

Tool Life = A tool life curve was plotted for Ti TAl-2Cb-1Ta
titanium and HY=-130 steel as shown in figure 5,04 . Data for this curve
wvere obtained by varying cutting speed for each tool and noting tool life
wvhile holding all other variables constant. The cutting speed required to
yield a desired tool life can be predicted from this graph.

Most Economical Cutti ed - The cutting speed which will
yield the greatest economies can be calculated from the following equation
and figure 5.04:

Te(:-1) (g +TCT)

T = Most economical tool life.
n = Slope of "cutting speed versus tool life" curve,
t = Total cost of cutter; includes costs of regrinding cutting
edges, tool depreciation and tool changing.
M = Machine, labor, and overhead rate ($/min.§
TCT = Tool changing time (minutes).

While actual costs have not been determined for the above
ramseters, a reasonable estimate can be made. Standard, 3/b-inch Jlametr |,
flute, end mills cost $4.05. Assuming that each tool can be reconditiored

six times at 20 minutes per tool, "t" will be equel to $1.4l4. Upon measuring
the slope of ihe curve shown in figure 5.04 , "n" is found to be equal to
0.17. Based on a previous study, "M" was found to be $0.17, and "TCT" is
estimated to be 5 minutes. Upon substituting these data into the above
equation, the most economical tool life for Ti TAl-2Cb-1Ta titanium is found

-
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to be 66 minutes. Prom figure 5.0k , the cutting speed which will yleld
such a tool life is found to be 117 surface feet per minute, and this is
the estimated "most economical cutting speed."

The most economical tool life for HY-130 steel is found to be
20 minutes, and from figure 5.04, the cutting speed which will yield such
a tool life is found to be 100 surface feet per minute, which is the esti-~
mated "most economical cutting speed.”

Recommendations for peripheral end milling of Ti TA1-2Cb-1Ta
titanium and HY-130 steel are given below:

T 7Al-2Cb-1Ta HY-130

Titanium Steel
Cutting Tool Putman hi-speed, b-flute
end mill or equivalent
Tool Gecmetry
Helix 30° 30°
Radial Rake 10° 5¢
Clearance 10° 50
Cutting Speed (feet/minutes) 117 110
Feed (inch/tooth) 0.0022 0.0022
Depth of Cut (inch) 0.100 0.100 ;
5.1.3 END MILL SLOTTING

HY-130 steel is easier to slot with end mills than Ti TAl-2Cb-1Ta
titanium. For thie type of milling, the Ti TAl-2(b-1Ts titanium machines
somevhat like steel heat treated to 180,000 pst. When compared with HY-130
lteeag; T TAl-2Cb-1Ta titanium has an end mill slotting machinability index
of .

B AL Y f eyt

Machining cuts 0.250 inch deep by 18 inches long were mde
progreseively with 3/4-inch diameter end mills in an edge of a one-inch

thick plste held verticelly in a table vice. When a depth of 1-3/4 inches
was achievad, the end milis bottomed out, thus the slots were machined
avay #0 th&t tests could be costinued. Standard, hi-speed steei L-flute
end milis were used. CQutting speeds were varied for each test while a
feed rete of 0.0022 inch/tooth and & depth of cut of 0.250 were held
constant. In oddition, a copious flow of cutting fiuid vas used through-
out. the test progrem. Tool life was considered ended when the flanks

of the cutters bad vorp 0.010 inch. Wearland values were meacured with

a Bausch and Lomd micruscope, mnd tooi life was measured by means of a
stop watch.
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Testing parameters are given below:

Cut Tool Material - Ordinary high speed stesl (probebly
M-2 or equivalent) proved to be adequate for cutting T1 TAl-2Ct-1Ta titanium
and HY-130 stsel in these tests; therefore, better materials were not
evaluated.

Cutting Tool (Oecmetry - This factor was not evaluated. The same
tool geometry used for the peripheral end milling tests wita these materials
wvas used in this study. This geometry consists of a 30 degree helix angle,
10 degree radial reke angle, and 10 degree clearance angle for milling
T1 TA1-2Cb-1Ta titanium, and a T degreze clearance angle for milling HY-120
steel.

Feeds and Depths or Cut - Due to the nature of this investigation,
these parameters were not varied. A feed rate of 0.0022-inch per teoth
and 0.250-inch depth of cut were held coastant.

Cutting Fluids - Titanium hes a low thermal conductivity;
therefcre, a good coolant and anti-weld cutting fluid is needed when
machining this material. A cutting fluid consisting of one part Gulf &SB
(heavy sulfur tase 0i1l) and one part Gulf 11D (mineral-lard oil) was used
in this study, and creditable results were achieved for both 71 7A1-2Cb-1lTa
titanium and HY-130 steel,

Tool Life and Cutti d - A teol 1ife curve was plotted for
T1-TA1-2Cb=-1%a titanium and m__n%»ze__l steel as shown in figure 5.05 . Data for
this curve were obtained by varying the cutting speed for each toel &nd
noting todl life while hciding all other variables constant. The cutting
gpeed required to yleld a desired tool 1life cen be predicted from this graph.

Most Econcamical Cutting Speed - The cutting speed which will
Yield the greatest economics can be predicted from figure 5.05and the
following equation:

T.(%-l) (§+Tcr)

wvhers T = jost economical tool life
n = Sicpe of "cutting speed-toal iife” surve
1 =« Total cost of cutter; inciudes cost of regrinding cutting
edges, tovl depreciation and tool changing
M = Nochine, labor, and overhead rate ($/minute)
TCT = Tool changing time

Upon sudstituting calculated and measured data inte the adbove
equation, the wost econamical tool life is found {0 be 99 minutes for end
mil) slotting of T4 TAl-2Cb-iTs titanium. From figure 5,05, the cutting
speed vhich will yield such a tool life i{g not clearly evident. As can be
seen, the slope of the tool iife curve changes at some poirt beyond a tool
1ife of 60 minutes or a cutting speed cf 64 feet/minute. As a result, a
reduction in cutting speed below 64 feet/minute may not increase tool life
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significantly, Such a possibility would be characteristic of titanium;

and for these reasons, a most economical cutting speed may not be determin-
able by this method for the end mill slotting of T4 TAl-2Cb-1Ta titanium.
Upon extrepolating the basic curve shown in figure 5,05, it can be observed
that a cutting speed of 58 feet/minute might yield a tool life of 99 minutes.
In either event, a cutting speed of 58 feet/minute will yleld a good tool
life and is considered the "most economical cutting speed.”

For end mill slotting of RY-130, the most economical tool life
is found to be 35 minutes. Prom figure 5625 , the cutting speed wvhich will
yield such & tool 1ife is observed to be 84 feet/minute, and is the estimated
"most economical cutting speed.”

Recommendstions for end mill slotting of T4 TAl-2Cb-1Ta titanium
and HY-130 steal are given dbelow:

Ti TA1-2(Cb-1Ta HY-130

Titaniwm Steel
Cutting Tool Putman, hi-speed steel,
l-fiute, end mill or
equivalent.
Tool Gecowetry
Helix 30° - 30°
Radial Rake 10° 10° |
Clearance 10° 7°
Cutting Speed (feet/minutes) 58 84 g
Peed (inch/tooth) 0.0022 0.0022 g
Depth of Cut 0.250 0.250 %
5.1.h FACE MILLING

HY-130 stec) was found to be extremely easy to face mill, but
T4 TAl-2Cb-1Ta titanium was not. When compared with HY-130 steel, Ti TA1-2Cb-
1Te titenius has & face milling machinability index of 29%. However,
™ TAl=2Cb-1Ta titanium is a8 easy, if not casier, to face mill than many
other titanium alloys. Bvidently, carbide cutting tools are not as dbene-
ficiel when cutting titanium as they are vhen cutting steel. For this reason
it would probsvly be best to slad mill Ti TA1-2Cb-1Ta titanium with high
speed steel cutters whenever possible.

Gingle-tooth fly-cutters were used during this evaluation. The
tool inserts used in the fly-cutters were prepared with bdrased carbide tips.
C-2 (883) enrdide wes used to face mill T1 TA1-2Cb-1Te titanium and C-6 (370)
cardide was us2d for HY-130 steel. Workpiece specimens were prepared from
one-iach taick plate and were held by clamping them to the milling machine
tahle.

e
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Cutting speeds were varied for each test while a feed rate of
0.007)=inch per tooth and a 0.100-inch depth of cut were held constant. Tool
life was considered ended when flanks of cutters had worn 0.015-inch, Wear-
land values were measured with a Bausch and Lowb micruscope, and tool life
wvas measured by means of a stop watch.

Testing parameters are given below:

Cutting Tool Material - It had been found previously that C-2
was the best gene grade of carbide for machining titsnium and C-o for
machining HY-130; therefore, no additional tests were conducted on cutting
tool materials.

Cutting Tool Geometry - Injitially, tests were conducted with the
commercial (Tovejoy) tool geometry that was fredicted best for titanium
This cutter had an axial rake of 7 and a radial rake of 3 . When a 45
corner angle was ground on these tools, the functional angles cogaieted of
an inclination angle of 2.85° and an effective rake angle of 7.2°. 1In
ensuing tests, these cutters performed poorly; and fault was placed on the
positive inclination angle vh&ch these tools possessed. It was found that
a corner angle of at least 75 would have to be ground on these cutters
before a negative inclination angle could be obtained. This being impractical,
agother tool geometry 8as sought. The tool geometrx selected consisted of a
0~ axial rake angle, 7 radial rake angle, and a 45  corner angle. This
geometry yleldg? functional angles of -h.97° (negative) for the inciination
angle and 5.37 (positive) for the effective rake angle. Such a tool geometry
was considered ideal for machining titanium and was used in this study.

A different tool geometry was used to face mill HY-130 steel.
These tests were conducted with the commercial (Lovejoy) tool geometry vhish
is ordinarily used for f8ce milling steel. This geouetp' consists of a -
axial rake angle and -10 radial rake angle. ‘hen a 45 corneg angle was
ground on tools having this geometry, functional angles of 2.9 and -1l.1
respectively were produced for the inclination and effective rake angle.
While such a geometry is not considered ideal for machining the HY-130
me ' erial used in this study, excellent results were obtained with this
geometry. For this reason, other tool geometries were not investigated, and
the ubove tool geometry was used in this study.

o

Feeds and Depths of Cut - Due to the nature of this investigation,
these parameters were not varied. A feed rate of 0.0075-inch/tooth and
0.100=-inch depth of cut were held constant.

Cutting Fluids - Titanium has a lov thermal conductivity;
therefore, a good coolant and antiweld cutting fluid is needed when machining
thies materjial. A cutting fluid consisting of one part Julf 458 (heavy
sulfur base 0il) and one part Gulf 11D (mineral-lard oil) was used and
creditable results were achieved. Cutting fluids were not found necessary
vhen face milling HY-130 steel with carbides; therefore, no cutting fluids
were used.
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Tool Life and Cutting S
for ™4 TAl-2Cb-1Ta titanium and HY-

d = A tool life curve was plotted

steel as shown in figure 5.06.

Data for these curves were obtained by varying the cutting speed for each

tool and noting tool life while holding all other variables constant.

The

cutting speed required to yield a desired tool life can be predicted from

this graph.

Most Economical Cutti

d - The cutting speed which will

yield the greatest economies can
following equation:

Te(E-1) (54 0T)

where T = Most economical tool 14

predicted from figure 5,06 and the

fe

n = Slope of "cutting speed - tool life” curve

t = Total cost of cutter; includes costs of regrinding cutting
edge, tool depreciation, and tool changing

M = Machine, labor, and overhead rate ($/minute)

TCT = Tool Changing Time

While actual costs have not been determined for the above
parameters, & reasonable estimate can be made. A L-inch diameter, inserted,

S-tooth, face mill, cutter body costs $180.

Assuming that this body can be

used 100 times and each carbide cutting edge costs $0.50; then "t" will equal

$4.30. Upon measuring the slope of the
found to equal 0.32 for T1 TAl-2Cb-1Ta

curve shown in figure 506, n 1is
titanium and 0.25 for HY-130 steel.

Based on a previous study, "M" wvas found to be $0.17; and "TCT" 1is estimated

to be 10 minutes.

Upon substituting these data into the above equation, the

most economical tool life is 75 minutes for ™1 TAl-2Cb-1Ta titanium and 106

minutes for HY-130 steel.

From figure 5.06, the cutting speeds which will

yield such & tool life are observed to be 155 surface feet per minute for
Ti TA1-2Cb-1Ta titanium and 480 surface feet per minute for FY-130 steel and

are the estimated "most economical cutt

Recommendations for face mi
HY-130 steel are given below:

Cutting Tool

Tool Geometry

Axial Rake

Radial Rake
Corner Angle
Clearance Angle
Nose Radius (inch)

Tool Material

Cutting Speed (feet/minute)
FPeed (inch/tooth)

Depth of Cut (inch)
Cutting Fluid

ing speeds.”
lling of T1 TA1-2Cb-1Ta titanium and

TS TAL-2CH=1Ta HY-130
Titanium Steel

Insert or Disposable Blade,
Carbide, Face Mill

(]

o -6
7° -10
100 f%o
/30 1/32
C-2 Carbide -6 Carbide
155 kO
0.0075 0.0075
0.100 0.100
Gulf 4SB and none
1p (1:1)

S

-




Report Z-53100/5R-2179
LIV VOUGHT AERONAUTICS DIVTSION  [2€® 5:3

Tool Material: HSS
Tool Geometry: 5/16" Diameter,
2 Flute, Crankshaft
Point (CVA Split
P~int) 7° Clearance
Cutting Speed: 83 SFPM
?e‘d: O.@6 DR
Depth of Hole: 0.500" through Hole
Coolant: Highly Sulphurized 0il
Wear land: 0.015
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Fig 5.01 EFFECT OF DRILL GEOMETRY ON DRILLING HY-130

I B



N

b

CHISEL
GDGE ANGLE

g?s
y
£
i

|

Report «=53100/5R-217¢
[
LTV VOUGHT AERONAUTTCS NIVISTON Page 5.10

FIQURE e
DRILL POINT GEOMETRY

PG -118°
— . -~ NT AMGLE -8

WEB THICKNESS \<>/

STANDARD POINT GRIND

) &

SPLUIT POINT GRIND

DIAMETER

——

RELEF
ANGLE -T°




Report 2-53100/5R=-2179
Page 5.11
LTV VOUGHT AERONAUTICS DIVISION

Cutting Speed: As shown

Feed: 0.006-Inch per revolution

Depth: O0.5-Inch thru holes

Cutting Fluid: Gulf 45B and 11D (1:1)

Cutting Tool: MNAS907, Type "B", HSS, 5/16-Inch
Diameter Drills

Wearlsnd: 0.015-Inch

SreM

&§ ¥ 83 888

. 7-2-1 Tiianiu_n

Cutting Speed
s

20 P 4 50 60 8 100 200 300 400

TOOL LIFE - Number of Eoles

EFFECT QF CUTTING SPEED ON
Pig 5.03 DRILLING 7-2-1 TITANIUM AND HY-130
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Cutting Speed: As shown

Peed: 0.0022-Inch per tooh

Depth of Cut: 0.100-inch

Cutting Tool: Putnam, 4 Fluta, 3/4-inch Dismeter,
HSS, End Miil

Cutting Fluid: Gulf 45B and 11D (1:i)

Wearland: 0.010-inch

5& Y Y‘T
%00 |- -
300 -
‘ , 2
200 - T 7-2-1 Titaoium
300 ok Ll el
g m L e i —e - . . . . e e .
& r_-_,._._“,
w & -
® 501
-4
A
3() .
20
10 . — ‘
1 2 3 4 56 8 10 20 30 0 60 X 100 200 300

Tool Life - Miuutes

EFFL._T OF CUTTING SPFED OM TOOL LIFE
Fig 5.4  WHEN PERIPHERAL END MILLING 7-2-1 TITANILM AND HY-1xC
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Cutting Speed: As shown

Feed: 0.0022-Inch per tocth

Depth of Cut: 0.250-inch

Cutting Tool: Putpam, HSS, 4 Plute, 3/4-inch Dismeter,
Epnd Mill

Cutting Fluid:. Gulf 45B and 11D (1:1)

Wearland: 0.010-inch

Srem

HY-1% |

00 ;i
‘8 + ; i -
,‘" -H ttr— =
§.6° - LW | ;
2 % 7-2-1 Titauium o
F uo :
5 %
3

»

?

i
e —— . ——— A ——a '

10 i___g..__.._i_mi,-~~; H .
3 4 5 6 8 10 mww::a&omo 200 40O

Tool Life - Minutes

EFFECT OF CUTTING SPEED ON TOOL LIFE
Fig 5.05 WHEN END MILL SLOTTING 7-2-1 TITANIUM AND HY-130
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Cutting Speed: As shown
Feed: 0.0075-Inch per tooth
Depth of Cut: 0.100-inch
Tool Material: Titanium
Steel

- -2 Carbide
- C-6 Carbide
Cutting Fluid:

Steel: Dry

Wearland: 0.015-inch
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5.2 FCRMING

The U. S, Naval Applied Science Laboratory, Naval Base,
Brooklyn, New York, has performed work in roll beading one-inch thick
T{ TAl-2Cb-1Ta titanium plrte. The objective of the program in which
this work was done was to develop production forming procedures for
heavy section alloy titanium plates and shapes for use in hull structures
of advanced deep diving submersibles. (Ref. SF 013-01-03, Task 0216)

The results of these tests of the roll-bending characteristics
of T4 TA1-2Cb-1Ta titanium plate indicate that over a range of extreme fiber
strains from approximately 1/2 to 1-2/3 percent and for a yleld strength
ievel of 106,0nC psi for Ti TAl-2Cb-1Ta titaniwm and 90,000 psi for HY-80
steel, which w : used for comparison, the following applies:

a, The ratio of energy required to cold roll bend alloy
titanium plate compared to that required to cold roll bend HY-80 steel
plate varies considerably depending on the strain level; a ratio of 1-1/2
at high strain levels and 4-1/2 at low sirain levels vere found in these
tests.

b. Moderately elevating the roll berding temperature rapidly
reduces the energy required to roll bend Ti TAl-2Cb-1Ta titanium.

c. At 600°F, the energy to roll bend the T TAl-2Cb-1Ta
titanium is half that required at room temperature and for stre.n levels
above 1% is no greater than the energy required to roll bend HY-80 steel
at room t{emperaturs. Temperatures above 600 F showed little additional
reduction in the energy required to roll behd titanium.

d. The springback of the titanium plate used in these tests
after cold roll bending is approximately 2 to 2-3/U4 times as great as that
for HY-80 steel plate.

e. Springback of roll bent titanium may be significantly
reduced by bending at elevated tempes;ture, but there is little advantage
in bending at temperatures above 600 F.

f. PForming at elevated temperature did not impeir the
accuracy with which & particular curvature could be produced.

A review of forming requirements of presently existing BuShips
hydrofoil vessels, and the AGEH vessel in production, has revealed no
special or unique foruing problems requiring research effort above that
alr - iy completed by the U, S, Naval Appli 1 Science Laboratory, Naval
Base, Brooklym, New York. Presently avail- .le forming knowledge is believed
sdequate for the purposes of this program.
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5.3 VIO

The MIG (metal inert gas) welding process was used generally
throughout Phase III dus to the economy of this prooess wherever
beavy plate is welded. TIC (tungsten inert gas) welding was used in
velding the 1/16-inch thick sheet due to the limitations of NIC welding in
the thinner gages, and TIG welding was used wherever manual welding wes
requived. The one exception to the above genersl rule occurred in the
manuel welding of the onme one-inch thick HEY-130 (manual weld) test plate,
vhere manusl NIG welding was used. The equipment used for manual welding
consisted of a3 POl 300 amp, AC-DC arcwelder and a Linde HW-20 torch. The
MIO welding equipment consisted of the following items:

1) P& 500 smp comstant voltage pover supply.
2) Linde EH-2 wire darive.

3) Linde 8CC-6 wire drive control unit.
%) Linde EW-13 torch.
5) 8ide besm carrisge with Linde EG-103 governor.

Tentative checks of yield strength and toughness of the
"as welded" properties were made during these welding evaluations of the
wvelds that appeared promising. Where these tests were made the results
are included in the welding procedure tables.

MIG welding equipwent used in the prograa is shown in figure 5.07
except for the pover supply and the wire drive control unit. Also shown
is the welding fixture used tu hold all weld specimen plates during welding
except the restrained weld specimen plates. The MIG manually velded plate
was elso welded in this tool, whereas all TIG manually welded plates were
welded without the use of a fixture and in an unrestrained condition. The
1/16 inch thick EY-130 sheet vas welded in a conventional stake welding
tool. Pigure 5.08 shows a closeup viev of a HY-130 one-inch thick plate
in the weldirg fixture with the torch in position preparatory to making
the first root pess weld.

All welding wire vas used as received from the vendor, with no surface
finish specified. In the case of the titanium filler wire, purchase orders
specified that the virc must be packaged to prevent moisture and dirt
contemination during shipment. When welding the titanium plates some
difficulty vas experienced in maintaining s straight weld beed. This vas
apparently due to the helix angle of the coiled wire, as the angle of exit
of the wire from the torch would change and shift the position of the weld
bead. This caused difficulty when making the finishing weld passes.
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Argon gas wvas used as the shielding cover and bachup gas in
making all penetration welds by both the MIC and TIG welding processes
for both autometic and manual welding. Torch gas used was 100% argon for
all velding except MIG welding of HY-130 and 17-AFN plate where argon plus
one to two percent oxygen was used. In welding tbr titaniwmm, protective
gas coverage was required to prevent contamination of the hot weld Jdeposit
when it wvas no longer protected by the torch gas. A water-cooled trailing
shield (shown in figure 5.09) and argon gas were used to give this protec-
tion and prevent contamination. A round cover shield vas used when welding
the titanium restrained weld specimens and this shield covered the entire
veld. Shielding equipment used proved to be adequate at all times for
welding titanium.

For the manually welded MIG one-inch thick KY-130 specimen
plate, the torch wvas removed from its holdirg in the sutomatic machine
and guided manually to make the weld.

Consideradle progress is reported by United States 8teel on
the development of HY-130/150 covered electrodes for marual nmg in
their sixth progress report on Buresu of Ships contract No. NObg-88540,
SRO0T-01-01, task 853. Tests already completed have resulted in yleld
strengths of 140 and 14l ksi and energy absorption of kb £t.-1b. @ 0°P.
and 45 ft.-1b. @ +30°7. The program includes plans for considersdly
more vork in this area.

In preparing the plates for welding, two groove geometries were
used as shown in figure 5.10. Groove No. 1 was used on all 1/h-inch thick
butt welds, restrained welds, 1-3/8 inch thick 17-4PE and 1-3/8 inch thick
CD-4MCu stainless steel castings and all preliminary tensile test specimens
of one inch plate. Groove No. 2 wus used for welding all final tost
specimens of EY-130 steel and Ti TA1-2Cb-1Ta titanium one-inch thick plate.
T™his ¥o. 2 groove confi tion is being used for two reasons; one, the
50° "V" groove with a 1/16-inch root gap resulted in porosity and cracking
in the root passes when wel’ing HY-130 steel, and two it is anticipated
that fabrication welding of hydrofoil skin-rib-spar junctions will reguire
this type or a similar groove configuration. In fabricating final test
specimons, the simulated rib (usually a 1/2-inch square piece) is machined
off.

In making the root passes, it was difficult to achieve the
proper penstration in both the HY-130 steel and T1 TA1-2Chb-1Te titanium.
This problem will be discussed further under the welding of these alloys.
Although s complete resolution of this problem ~ras not possidle dwe to
limited time and funds, it is believed that the data developed and the
conclusions drawn will provide the besic procedures to develop satiafactory
root pass welding. Due to the laboratory nature of the welding work
performed, all welding procedures given will probably require some
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modification to meet the specific needs of production. Tables 5-1, 5-2,
and 5-3 may serve for welding HY-130 and Tables 5-1k and 5-15 for welding
TAL-2Cb-1Ta titanium.

5.3.1 WELDING OF HY-130 STEEL

Oxweld 84 filler wire was used for all specimen welding of
HY-130 steel in Phase III. As mentioned earlier, the MIG welding process
was used on all except the .060-inch thick HY-130 steel sheet, vaich was
TIG welded. In order to insure flatness of the one-inch plate after
welding, s shim was placed under the 1/2-inch square simulated rid to

compensate for plate warpege during welding. Welding procedures are given
in Tables 5-1, 5-2, and 5-3.

Weld tests were conducted on filler wires for welding one-inch
thick HY-130 steel plate. The vire trade nmme, diameter, heat mmber and
carbon content are listed in the table below:

Wire Dia. Heat No. Carbon %
Airco (special) .062 R9376 .14
Alrco .0kS 8636h .16
Oxweld 83 o' 626138 .13
Oxweld 83 .O4S R3320507 .15
Oxweld 83 .030 X270 .15
Oxweld 83 .062 R31439 .09
Oxweld 84 .0ls5 R6615Th .15

Of these filler wires, the Oxweld 83 (heat no. R3320507) and
Oxweld 84 (heat no. RS61574) with .15% carbon content were determined
acceptable for use in this program. The Union Carbide Corporation, producer
of Oxweld 83, has discontinued the marketing of Oxweld 83 with the higher
carbon content and is nowv marketing the higher carbon content vire as
Oxweld 84. The Oxweld 83, .030-inch diameter filler vire was not satis-
factory due to porosity and lack of fusion in the welds. These weld defects
were apparently caused by the ipability of the smaller wire to carry the
required current satisfactorily. The remaining twvo Oxweld 83 filler wires,
heat no. 62613 and heat no. R31439, did not develop sufficient yleld
strength for use on this program. The welds made vith Afirco filler vires
were not satisfactory for use on this program. The special .062-inch
dismeter vire exhidbited transverse cracking in the welds and the .0kS5-inch
dismeter wire resulted in welds of low yield strength. See tables S5-b
through 5-11 for welding procedures and physical properties of HY-130 welded
with the adove welding vires.

As & result of the low yield strength exhidbited by the .05
inch diameter Oxweld 83 vire with .13% carbon, three additional test plates
were welded with a lower heat input in order to determine if this would
raise the yleld strength to an acceptable level. Lowering of the heat
input from 27,000 joules per inch to the 15,000 to 19,000 joules per inch
level raised the yield strength fram 112,000 psi to an average of 130,000
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psi. This strength level was not adequate for HY-130 ia this progrom
because the desired "as welded” yield strength was 135,700 psi. See table
5-12 for welding procedures and physical properties. Pigure 5.11 show: a
cross section of a weld in one-inch HY-130 plate.

In making the root ses during the welding of the one-inch
thick specimen plates to the 1/2-inch squere simulated ridbe, difficulty
wvas encountered in obtaining adequate and consistent root penetration.
Longitudinal cracking and considerable porosity were experienced in making
some of these root passes. Cracking and porosity were not found in all
root passes or in all plates, but non-uuiform penetration wvas common to
all plates welded. Limited cracking was found on one plate in the area of
poor penetration. The porosity vas genersaliy found in the first pass vhere
the weld puddle made an apparent culld lap on the simulated rid. This wes
not alvays the case, however, beceuse this porosity was not found in all
the plates welded.

Upon observing the results of the limited amount of research
possible in this program in obt .iaing good MIG welding root pass parameters
for the joint used over tae simulated rid, it is bdelieved that it would be
better to make these roo. passes with TIG welding, and then fill the rest
of the groove using the MIG process. With copper backup dbars and emough
time, it 1s believed that MIG welding root pass parsmeters could be developed,
and thus only one welding process would be required to weld the joint;
however, in certain closeout weld joints backup bars cannot be used, and
the possidility of using MIG welding in these cases without copper backup
bars and obtaining good welds is questionabdble.

5.3.2 WELDING OF TA1-2Cb-1Ta TITANIUM

During the early part of Phase III, metal inert gas spray arc
and metal inert gas short arc welding of one inch thick Ti TA1-2Cb-1Te
plates wvere observed at the Bavel Applied Science laboretory in Brouklyn,
Fev Yor:. The exceptionally good results being obtained were discussed
with NASL personnel, vho explained at length the welding procedures and
shielding and welding equipment being used. The technigues and procedures
and the trailer shield configuretion used on this progrem were generslly
patterned after those used by WASL.

As stated previously, all T1 TA1-20b-1Ta welds were made using s
1/16 inch root gap (groove gecmetry No. 1) except those made in the ome-inch
plate for fabrication of fimal test specimens. The pemetration in the 1/16
inch root gap welds wvas satisfactory in most welds. Attempts to develop root
pess weld paremeters using .062 inch dismeter sire, a 3/8 inch root spacing
and a 1/2 inch square simulated rid wvere unsatisfactory. Wben the root was
penetrated the molten metal flowed through leaving & gap between the plate
and the rib, and wvhen the root wvas not penetrated, the molten metal flowed

- -

-

L i A

fo R

e R




TN 5 VoAU A b .t e = e e

Report 2-53100/SR-2179
Page - 2c
LIV VOUGHT AEROBAUTICS DIVISION

across the ridb to the site side without penetrating the root on that
side. Due to this, & 1/2" taick by 1" vide simulated ridb wvas used with e
single root pass. A cross section of this weld is shown in figure S5.12.
This single root pass was acceptable for welding the one-inch plate for
fabrication of the final test specimens.

! To make a satisfactory penetration rooct pass weld vith .062 inch
! dimmeter vire, a 3/8 inch root spacing and a 1/2 inch square simulated »ib;
either the first two passes should be TIGC pasces or smaller diameter vire
should be usel if MIO welding must be used. A large size vire MIG weld
could then be used for the remaining passes to complete the weld. Another
pessibility wculd be to use copper backup bars, but these could not be
used for a close-out weld.

Before welding the finsl test specimen plates, a preliminary
tensile test weld vas mede in one inchk plate in vhich & weld strength value
equal to the parent wmetal was obtained. Oue of the twvo preliminary tensile
test specimens sade, failed in the parent metal. See table 5-13 for welding
procedures and test results.

The 1/2, and 1 inch thick plates were welded satisfactorily,
and x-ray inspection revealed no cracking and a relatively small amount of
porosity. 1In welding the one-inch plates, a 1,8 inch thick shim wvas placed
under the simulated rid to compensate for the wvarping of the plate during
welding. A 1/4 and a one-inch plate thickpess restrained weld patch test,
each vith a five-inch diameter pat:h in a twelve-inch aquare plate vere
welded ard found free from cracks iumediately after welding. These spec!-
sens vere x-rayed again in nine days and found still free from cracks.

Sce tables S-14 and 5-15 for wvelding parsmeters. Tables 5-16 and 5-17
give recommended settings for welding of 1/4 inch and one-inch T1 7A1-2Cb-1Ta
titanium butt joints.

In the welding of 1/4 inch thich plate, one pacs MIG velds I
were used on butt joints, and & tvc pass MIG veld vas used on the restrsined
weld pass, using the selected weld parsmeters. did not quite fill the groove
of the patch test specimen, end a second pass was used. It is recommended,
however, in MIG welding of 1/4 inch thick plate, that if possible, one
pass welds be made.

5.3.3 WEIDIF; OF 17-4PH STAINLESS STREL CASTINGS

The 1/M inch -n::« 17-4PH 3tainless steel casting stress
corrosion specimens, vith the 1/8 inch wide by 1/8 inch deep sav cuts
simulating repsir wveld ares, were manually TIG velded using 1/15 inch
diemeter 17-AFH stainless steel filler wire. All weld specimens were forund
to be free of crecks and porosity upon x-ray inspecticn except one, and
its weld contained a small ssount of porosity vhich wvas delieved caused by
improper cleaning before velding.
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PIRE W -

In welding the 1-3/8 inch thick 17-4FH stainless steel casting
by the MIG welding process, a sound wveld wvas not obtained. In welding the
first five passes, pure argon wvas used as the shielding gas with the result
that considerable weld spatter occurred, and cracks approximstely 1/2 inch
long were visihble in the weld crater at the end of each weld pass. With
the use of 2% 0, addition to the argon in the sixth and successive passes,
the weld spatter and cracking vere eliminated. Inspection by x-ray showed
a sound weld except for the cracks at the ends of the weld passes as descrided
above. Howvever, vhen the weld was sectioned, numerous internal cracks were
found vhich were not showvn by x-ray inspection. See table 5-18 for welding
procedures.

WL e et

Due to the cracking experienced in the wveld vhen MIG welding
wvas used, the casting vas remschined and then TIC manually welded. No
restraint vas imposed during this TIC welding. A oumber cf weld trials
vere made vith variations of preheat and amounts of filler wire deposited
during the first tvo passes. Excessive warpage and root pass cracking vas
experienced. Cracking was minimized by making a large proportion of filler
vire deposit to base metal melted in the root passes. Due to the excessive
wvarping of the plate, the back side of the plate vas machined out after
the 10th veld pass and approximstely 1/2 inch of the 5/8 inch of weld metal
wvas removed. See¢ figure 5.13 shoving wvarping of this plate. After mschining,
the plate vas straightened and excessive varpage vas reduced during rewelding
by alternately welding on both sides of the plate. Tadble 5-19 presents the
weld procedures.

5.3.4 WELDING OF CI -hMCu CASTINGS

The 1/k-inch thick CD-WMCu casting static corrosion and stress
corrosion specimens, with the 1/8-inch wide by 1/8-inch deep sav cuts simulat-
ing repair veld aress, wvere manually TIG welded using 1/16-inch dismeter !
CD-UMCu filler wire. All specimens were found to be free of cracks and
porosity by x-ray inspection except one vhich had & small amount of porosity !
vhich vas believed cgused by improper cleaning and failure to remove heat ;
treat scsle from the sjecimen before welding. :

One 1-3/8-inch thick CD-MMCu plate cesting ves MIG welded using
1/16-inch dismeter CD-WMCu filler vire. Inspection by x-ray revealed no
cracks, but did shov a mall aeount of porosity. When the weld wvas sectioned,
however, numercus internal cracks were found. Due to the numerocus crecks
resulting from automatic MIGC welding, it weas planned to manually TIC weld
this plate. This alloy wvas dropped from the program for reasons other than
welding, however, before the welding could be started. See tadle 5-20 for
wvelding procedures.

3
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TABLE S-1
AUTOMATIC MIG WELDNING PROCEDURBS
Material: 1" HY-130 Plate
Filler Wire: .045" diameter Oxweld 84, heat RGO15T4
Shielding Gas (cubic feet/hr)
Backup: 2C CFH argon
Torch: SC CFH argon + 1% 0
Root Spacing: 3/8" - 25° bevel angle - 1/15" land, butt joint
Pass No. 1.7 3-17
Voltage (volts):
Setting BC-15 BC-U
Reading 28 30
Current (amperes):
Setting 98 38
Reading 230 230
Torch Travel (in/min):
Setting 5.9 k.0
Travel <0 16
Wire Extension (inches): 5/c 5/&
Heat Input (Jowles/in): 1',000 mAx z 000 mAX
Cadbinet Controls:
Inching 37 25
Range Low Low
Burnback h N
Slope 2 bay
Prebeat (°F): 3t
Max Interpass temp. ( F): st 8 O gg

Weld Results: These parameters resulted in e good weld except for
porosity and limitcd cracking in the first two pensiration
passes of some of the welds.
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Weld Results: T ese parameters reculted 't a 533 weld.
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T/IBIE 5-2
AUTOMATIC MIG ELDING PROCEDURES
Material: 1/4" HY-130 plate
Filler Wire: .Nu5" dlameter Oxweld FL, hent R:51574
Shielding Gas {cudic feet/hr):
3ccknp: 15 CFE argon
Torc!.: SO CFI! argon * 17 O
Foot Spacirng: 1/1 " - 25° vevel angle - 1/1%" lang,
butt ‘oint
rass No. 1 e
Voltege (volts):
Setting AD=10 BC-T.6
Reading 29 34
Current (amperes):
Setting of 38
Reading 270 2T
Torck Travel (in/min)
Setting 7.5 3.9
Travel T o4
Wire Extersion {(inches): 5/~ 5/¢
Heat Inpit ('oules/in):
Cadinet Controls:
Incting 35 3
Range oW Low :
Burnt-iex 4 4
Slope : 2 %
Preteat (OF): i i
Max Interpass Temp (°F): 200 :& %
;
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TABIE 5-3
AUTOMATIC TIG WELDING PROCELUHES
Material: L05N" HY<130 gheet
Filley Wire: .0b5" diameter Oxweld Bis, heat R5:1574
Shielding Gas (cutic feet/hour):
Backup: 1: CFi# argon
Torch: S0 CFH helium
Joint Type:* Butt joint
Volts: 11
Amperes: i)
Welding Speed: L" per minute
Electrode extansion. 1/2"
Blectrode size: 3/
Electrode point: 3
Wire feed rate: 20" per minute
Gas Cup diameter: 3/a"
Backup sroove width: L
Backup groove depth: a0t
Nose diameter hold Longt
down ¢lamp

These parameters resuited in a satislactory weld.
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Material:
Filler Wire:
Shielding Gas (cubic ft/hr)

TABLE 5-b
AUTOMATIC MIC WELDING PROCEDUKES

1" HY-130 Flate
.0b5" diameter Oxweld 83, Heat R3220507

146 CPH, Argon
50 CF¥, Argon + 1% 7,
1/16", butt joint

Backup
Torch
Root Spacing
Pass No 1
Voltage (volts)
Setting AD-2
Reading 2
Current (amperes)
Setting 90
Reading 180
Torch Travel (in/min)
Setting 20
Speed 20
Wire Bxtension (inches) S/ O
Heat Input (Jjoules per in) 12,000
Cabine’t Controls
Inchinrg 3°
Range Low
Puwsnback 6
Slope 2
Preheat (01) 200
Max Interpice Teern (OF)
Tensile Test (pel;
Spe~imen No. Fty
1 143,200
2 142,000
rargy & 3°°F 55 £t 1b
AN £t 1d
S& rt 1b

QF

200

Ftu e
lli.';\’y)‘z 8
148, 300 5
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TAKE 5-5
AUTOMATIC MIG WELDING PROCEIARES

Material:
Filler Wire:

Shielding Gas (cubic feet/hour)

Backup:
Torch:
Root Spacing:

pase No.
Voltage (volts)
Setting
Reading
Current (amperes)
Setting
Reading
Torch Travel (in/min}
Setting
Speed
Wire Extension (1inches)
Heat Input (joules per inch)
Cabinet Controls
Inching
Range
Burnback
Slope
Preheat (°F)
Max Interpass Temp.(°F)

Tensile Tests (psi)

Specimen No. Fty*
1 140,500
2 1ko, 300

X-ray - Both welds had porosity.

1" HY-130 Plate
.045" dlameter Oxweld 8L, Heat R661574

10 CFH, Argon
50 CFH, Argon + i% O
1/1& inch, butt joint

1 DeP?2
AD=2 AD-5
Al 25
50 92

180
20 : 16
o0 16
3/u 5/8
12,000 19,500
35 35
Low Low
i Yy
2 2
200
220
Ftu e R.A. ?gilure
145,700 b Veld
144 400 3.5 Weld
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PEZ 5-5
AUTGMATIC MIC WBLDING PROCEDURES

Material: 1" HY-130 Plate

£
Piller Wire: .030" dlameter Oxweld 83, Heat X424TO
Shielding Gas (cubie feet/hour) i
Backup: 10 CFH, Argon ?
Torch: ko CFR, Argon + 2% O, f
Root Spacing: 1/16 inch, butt joint ‘
Paes No i 2-14 15
Voltage (volts) {
Setting AC-2.7 AD-4.8 AD-b 5
Reading 25 26 25 :
Current {amperes) .
Setting 100 100 100
Reading 100 120 100
Porch Travel (in/min) i
Setting 17 5 12.5 :
Speed 17 , 5 12.5
Wire Extension (inches) 5/8 5/8 5/8
Heat Input (Jjoules per in) 9,000 14,000 12,000 {
Cabinet Controls |
Inching 35 35 35
Renge Low Low Low
Burnback 6 6
Slope 2 2 2
Preheat (°F) 200 200

Max Interpass Temp (OF)

Ko teasile tests were conducted due to the poor qualitv of the weld.

230

.
¢
¢
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TAME 5-7
AUTOMATIC MIG VELDING PROCEDURES
Material: 1" HY-130 Plate
Filler Wire: 0.045" diameter Oxweld 83, Heat 62613E
Shielding Gas
(cubic feet per hour)
Backup: Argon, 10 CFH, First pass only
Torch: Argon + 2% 05, 50 CFH
Root spacing for first weld pass: 0.062", butt joint
Pass Number 1 2-15 16
Voitage (volts):
Setting AD-2 AD=5.5 AD=5.5
Reading 22 25 25
Current {ampares)
Setiing 90 90 90
Reading 180 200 " 200
Torch Travel (in/min)
Setting 20 1 13
Speed 20 1 13
Wire Bxtension (in) 3/4 3/4 3/4
Heat Input (joules per in) 12,000 27,000 23,000
Cabinet Controls
Inching 35 35 35
Range SW Low Low Low
Burnback 6 6 6
Slope 2 2 2
Preheat (°F): 200 200 200
Max. Interpass Temp (°F) 225
Remarks Sealing pass
back side.
Tensile Tests (psi):
Specimen Fty Ftu e R.A. Failure
1 111,500 119,000 5 24,6 Weld

2 114,000 122,000 6 2k .9 Weld

e
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Material:
Filler Wire:

Backup:
Torch:
Root Specing:
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TARE 5-8

AUTOMATIC MIG WELDING PROCEDURES

1" HY-130 Plate
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.062" diameter Oxweld 83, Heat R31439
Shielding Gas (cubic feet/hour)

10 CFH, Argon
50 CFH, Argon + 2% 0o
1/16 inch, butt joint

Pass No. 1l 2-3
Voltage (volts)
Setting AD-6 BC-5
Reading 25
Current /amperes)
Setting 80 80
Reading 290 300
Torch Travel (in/min)
Setting 20 12.5
Speed 20 12.5
Wire Extension (inches) 3/4 5/8
Heat Input (Jjoules per in) 22,000 46,000

Cabinet Controls
Inching
Range
Burnback
Slope

Preheat ()

Max Interpass Temp (°F)

35
Low

6
2
150

Tensile Tests (pei)

Specimen No.
1l
2

3

Fty
120,900
124,600
126,000

128,900

126,700

175

130,100 10

417

BC-5

g @

16
16

5/8
36,000

35

N0\§

175

Failure
Weld
Weld
Weld
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TANR 5-9
AUTOMATIC MIG WELDING PROCEDURES

Material: 1" HY-130 plate
Filler Wire: 0.062" diameter "Special" Airco Wire, Heat 9370
Shielding Gas:

(cubic feet/hr):

Backup: Argon, 10 CFH, First pass only

Torch: Argon + 2% 0, 50 CFH
Root spacing for

first weld pass: 0.062", butt joint
Plate Number 3 N
Pass Number 1 2 3-15 16 1 -1k
Voltage (volts):

Setting BC-3.5 BC-5 BC-3 BC-3 BC-3.5 BC-S

Reading 28 30 28 28 28 30
Current (amperes):

Setting 90 85 85 8o 90 85

Reading 320 220 310 280 320 310
Torch Travel (in/min):

Setting 20 12.5 1° 21 20 1.2

Speed 20 12.5 15 2l 20 1b.2
Wire Extension (in) 3/4 3/4 3/k 3/4 3/ 3/
Heat Input 26,800 46,000 32,500 22,400 26,800 40,000

(joules/inch)
Cabinet Controls

Inching 35 35 35 35 35 35

Range SW Low Low Lov Low Low Low

Burnback 6 6 6 6 % 5
Slope 2 2 2 2 ;
Preheat (°F) 300 300 S
Max. Inteppess 325 325 425

rewp. (F)
Remarks Seaiing pass

back side.
X-ray inspection reveaied X-ray inspection

transverse cracking. no cracking.

.




Material:
Filler Wire:

Shielding Gas
(cubic feet/hour)

Backup:
Torch:

Root spacing for
first weld pass:

Dlate Number
Pags Mamber
Voltage (volts):
Setting
Readinr,
Current (amperes):
Cetting
Reading

Torck Travel (in/min):

Setting
Spred
wire Extension (in)

Heat Input
(Jodes/in)

Cabinet Controls
Inching

Runge SV

Senarks

TANIE 5-10

1" HY-130 plate
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AUTOMATIC MIG WELDING PROCEDURES
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0.052" diameter "Special” Alrco Wire, Heat R9376

Argon, 1> CFH, First pass only
Argon + 2% 0z, S0 CFH

0.062", butt joint

1
1l &3
BC- 3 . S BC‘ 5
28 30
a2 30
330 300
0 12.5
Zo 12.%
/b 3/h
27,700 43,200
3% 39
Low Low
. 5
¢
7S

1-

15

3/%
31,500

o25

X-ray inspection revcale?d

trarsverse crackirc.

2
1 43 415
BC'3OS BC-S BC"S
a8 3 30
92 85 RS
330 300 30
20 12.5 1o
20 12.5 16
3/4 3/b 3/b
27,700 k3,200 38,000
35 35 35
Low Low Low
" ¢ &
2 2
200
225 225

L-ray inspection revesaled
transverse cracking.
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TANE 5-11
AUTOMATIC MIG WELDING PROCEDURES
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.085" diameter Airco 608, Heat S6364

5-6

AD’607

16

16

5/8
19,500

235

Ftu
127,000 L

Material: 1", HY-130 Plate
Mller Wire:
Shielding Gas
(cubic feet/hr)
Backup: None
Torch: 50 CFH Argon + 2% O,
Root Spacing: 3/8" butt joint
Pass No. 1-b
Voltage (volts):
Setting AD-5
Reading 25
Current (amperes):
Setting 92
Reading 180
Torch Travel (in/min)
Setting 15
Speed 16
Wire Extension (in) 5/8
Heat Input (joules 17,000
per in.)
Cabinet Controls
Inching 35
Range Low
Burnback b
Slope
Preheat (°F): 225
Max Interpass Temp
(°°)
Tensile Test (pei)
Specimen No. Fty
1l 121,000
2 120,500

|

129,100 b.s

T-9 10-26
AD-6.7 AD-8.2
26 7
92 100

200 2Lo
19 15
15 15

5/8 5/8

21,000 26,000
35 35
Low Low
I
e 2

240 240

E.A. Failure

17.3 weld

2C.5 Veld

]




LTV VOUGHT ABRORAUTICS DIVISION

TANR 5-12

AUTOMATIC MIG WELDING PROCEDURES

Material:
Filler Wire:

Shielding Gas
(cubic feet/hour)

Backup:
Torch:

Root spacing for first weld pass:

Plate Number
Pass Number 2
Voltage (volts):
Setting AD-2
Reading 22
Current (amperes)
Setting 90
Reading 180
Torch Travel
(1n/min)
Getting 20
Speed 20
Wire Extension (in) 3/4
Heat Input 12,000
(Joules per in)
Cabinet Controis
Inchirg 35
Range 8SW Low
Busnback
Slupe 2
Prebeat (%) 150
Max Interpass Temp
(%p)
Tensile Tests (pei)
Fty 129
Ftu 131
e 6
R.A, 16
Failure Weld

1" HY-13C Plate
0.045" diameter Oxweld 83, Heat 62613

1&3-25

8 3

3/4
15,000

35

h

iTo

129.3
133.9
7.5
18.9
Wweld

1

AD-2
22

180

3 8

12,000

100

14)
138
h
18.7
Weld

2

Argon, 10 CFH, FPirst pass only
Argon + 2% 05, 50 CFH
0.062", butt joint

Report 2-53100/5R-2179
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3
2-20 1 222
AD-5.3 AD-2 AD-5.3
25 22 25
92 90 92
200 180 . 200
15.8 20 15.8
15.8 20 15.8
19,000 12,000 19,000
35 35 35
Low Low Low
6
150
120 170
133 130 127.9
138 136.9 135.9
5 h 6
22.2 18.3 18.9
Weld Weld Weld

o &
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TANME 5-13
AUTOMATIC M6 WELIING PROCEDURECS
Material: 1" TA1-2Cb-1Ta Titanium Plate for preliminary
tensile test specimens
Filler Wire: .062" diameter TAl-2Cb-1Ta titanium, Heat Y2u69
Shielding Gas (cubic feet/bour)
: Backup: 10 CFH, Argon
! Torch: : 50 CFH, Argon
Shield: 90 CFH, Argon
Root Spacing: 1/16" butt jJoint
Pass No. )} 2-4 5«7
Voltage (volts)
Setting BC-4 BC-6 BC-6
Reading 2 3 30
Current (amperes)
Setting 100 100 100
Reading 250 280 300
Torch Travel (in/min)
Setting 18 1 1
Speed 18 11 1
Wire Extension 3/4 5/8 5/8
Beat Input (joules per in) 26,000 47,500 49,000
Cabinet Contrcls
Inching 35 35 35
Rarge Low Low Low
Burnback 2 2 2
Slope 2 2
Prebeat (°F) RT
Max Interpass Temp. (°F) 250 250

Tensile Tests (psi

Specimen No. Ry Ftu e k.A. Failure
1 110,600 12,000 14 30 PM
2 110,200 124,000 14 23.5 W

PM = Parent Metal
W = Weld
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TANE 5-10
AUTOMATIC MIG WELDING PROCRDURES
Material: 1" ™ TAl-Xb-1Te Titanium Plate for 5" diameter
patch test specimens
Filler Wire: .062" diameter Ti TAl-2Cb-1Ta Titanium
Shielding Gas (cubic feet/hour) ‘
Backup: 5 CFH, Argon
Torch: 50 CFH, Argon
Shield: 90 CFH, Argon
Root Spacing: 1/16"
Pass No. 1 2-h 5-6
Vo.tage (volts)
Setting BC-6 BC-6 BC-6
Reading 33 32 a
Cuwrrent (amperes)
Setting 100 100 100
Reading 250 280 300
Torch Travel (1in/min) '
R.PM. 1.1 T T
Specd 138 11 1
Wire Extension (inches) 3/ 5/8 5/8
Heat Input (Jjoules per in) 27,000 k9,000 k9,000
Cadbinet Controls
Inching 35 35 35
Range Low Low Low
Burnback 2 2 2
Slope e 2
Praheat (°F) RT
Max Interpass Temp (°F) 250 250 |
Veld Results
These parameters resulted in a good weld with a winimum of porosity. E
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UEE 5-15
AUTOMATIC MIG WELDING PROCEDURES
Material: 1/2" 7A1-2Cb-1Ta Titanium Plate for
5" diameter patch test specimen
Filler Wire: .062" diameter TA1-2Cb-1Ta Titanium
Shielding Oss (cubic feet/hour)
Backup: 15 CPFH, Argon
Torch: 50 CPH, Argon
Shield: 90 CPFH, Argon
Root Spacing: 1/16 inch
Pass No. l e
Voltage (volts)
Setting BD=4.5 BD-1.5
Reading 35 33
Current (amperes)
Setting 100 100
Reading 300 300
Torch Travel {(in/min)
R.P.M, 1.1 .51
Speed 17 S
Wire Extension (inches) 5/8 5/8
Heat Input { jcules per irn) 37,000 T4, 000
Cadbinet Controls
Inching 35 35
Range Low Lo
Burnback l <
Sl ope ? o
Prebeat (°7) RT
Max Interpass Temp (°F) 250
Wel . Results:

These parameters resulted in 8 good weld with a minie= of porosit,.
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LTV VOUXHT AERONAUTICS DIVISION

PAMIR 5-16

AUTOMATIC MIG WELDING PROCEDURES

Material:

Piller Wire:

Shielding Cas (cubic feet/hour)

Backup:

Torch:

Shield:
Root Specing:

Pass No.
Yoltage (valts)
Setting
Reeding
Current (amreres)
Setting
Reading
Torch Travel (ia/ain)
Setting
Travel
wire Bxtension (inches)
Beat Input (Jjoules per in)
Cabinet Controle
Inching
Range
Burnback
Slope
Prehest (%p)
Max Interpass Tewp ( °F)
Weld Results

These parameters resulted

1" TA1-2Ct-1Ta Titanium Plate for all
final test specimens

0.62" dismeter TA1-2Co-1Ta Titanium

10 CFH, Argon
60 CFH, Argon
100 CFH, Argon

3/8" - 25° Bevel Angle - 1/16" land,
butt joint (Use 1/8" thick shim under
center of joint to offset warpage.)

1% 31 2
BC-T BC-T7
3 2
35 95
290 320
S.b 4.9
18 16
5/8 5/8
30,000 35,5
35 35
Lowv Low
2 2
AT
260 250

in a good weld with a minimum of porosity.




Material:

Filler Viire:

LTV VOUGHT ABRONAUTICS DIVISION

YWB 5-17

AUTOMATIC MIG W'LDING PROCEDURES

Report 2-53100/5R-2179
Page 5,38

1/4" 71 TA1-2Cb-1Ta Titanium Flate

Shielding Gas (cubic foot/hour)

Backup:
Torch:
Shield:

Root Spacing:

10 CFH, Argon
60 CFH, Argon
100 CFH, Argor
1/16" - 25° Bevel Angle - 1/16" Land, butt joint

Pase No.
Voltage (volts)
Setting
Reading
Current (amperes)
Setting
Reading
Torch Travel (in/min)
Setting
Travel
Wire Extension (inches)
Heat Input (Joules per in)
Cabinet Controls
Inching
Range
Burnback
Slope
Preheat (OF)

Weld Reaults:

BC-6.0
gil

100

3%0

20
5/8
2,500

L

A oo g B

.062" diameter, TAl-2CHh-1Te Titenium

These parametere resulted in a good weld with & minimum of

porosity.

¢
t
1
i
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™MBIZ 5-18
AUTOMATIC MIG WELDING PROCEDURES

Material: 1-3/8" 17-UPH Stainless Steel Casting
Filler Wire: .045" diameter 17-4PH stainless steel
Shielding Gas (cubic feet/hour)
Backup: 15 CFH, argon
Torch: 30 argon for lst through 5th passes; 30 CFH argon
+ 27 0, for 6th through 13th pa-ses
Root Spacing: 1/16 inch, butt joint
Pass No. 1l 2 ) T-13
Voltage (volts)
Setting BC-6 BC-5 BC-4.5 BC-4.5
Reading 32 32 K Y 30
Current (amperes)
Setting 90 90 85 85
Reading 300 220 300 300
Torch Travel (in/min) _
Setting 5.4 5.k
Travcl 18 10.7 10.7 18
Wire Extension (in) 3/4 3/h 3/b 3/b
Heat Input 32,000 39,400 50, 500 30,000
(joules per inch)
Cabinet Contrcls
Inching 35 35 35 35
Range Low Low Low Low
Burnback € 6 6 6
Slope 2 2 2 o
Preheat (°F) none
Remarks: Pass #13
was sealing
pess on
back side.

Weld Results:

Internal cracks were found in weld during

mschining of test specimens.
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AR 5-19
MANUAL TIC WSLDING PRCCEDURES
Material: 1-3/8" 17-bPH Stainless Steel Casting
Piller VWire: .062" diamster 17-LPH Stainless Steel
Shielding Gas (cubic
feet/hour)
Torch: 18 CFE, Argon
Root Spacing: 1/16" - 25° Bevel Angle - 1/16" Land, butt joint
Trial No. 1 2 3
Pass Ko. l 1l 2 1l 2
Voltage (volts) 18-20 18-20 18-20 18-20
Current (superes) 180-200 180-200 180-200  180-200
Preheat (°P) None 275 None
Max. Interpsss Texp. (°F) k50 300
% Filler Wire 10 20 20 80 80
Results Centerline Centerline Several Good
Cracking Cracking Short
Both Passes (2/4")
Center-
Line ,
Cracks i
Trial No. 3 3 ?
Pass To. 3-10 11 to completion ¢
Voltage (volts) 18-20 18-20 :
Current (amperes) 180-200 180-200 '
Preheat (°F) -—- -
Max. Interpass Temp (°F)  275-325 275-325
% Filler Wire -—- ---
Resulte - Plats Good Weld

Warped 21.5
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LTV VOUGHT AERONAUTICS DIVISION

TABIE 5-20

AUTOMATIC MIG WELDING PROCEDURES

Material:
Filler Wire:

Shielding Gas (cubic
feet/hour)

Backup:
Torch:
Root Spacing:

Pass No.
Voltage (volts)
Setting
Reading
Current {amperes)
Setting
Reading
Torcn Trevel (in/min)
Setting
Speed
Wire Bxtension (inches)
Reat Input (joules per in)
Cabinet Controls
Inching
Range
Burnback
Slope
Preheat {¥)
Max Interpass Temp (°F)
Weld Results:

1-3/8" CD-4 MCu Plate
.062" diameter, CD-4 MCu, Heat W10067

15 CFH, Argon

50 CFH, Argon + 2% 0o
1/16-1nch, butt joint

1l

BC-1.5

85

18

18

30,000

Ao oo 8B

2 3-5
BC-2.5 BC-2.5
27 21
87 87

300 290 ¢
1007 9
10.7 9

3/4 5/8
4k 000 48,000

35 35
Low Low
6

2

6-10

BC-4.5

87

5/8
60,000

35

NN Oy

300

Internal cracks were found in weld during msachining of test specimens.

R e st €
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Pigure 5.08 Closeup view of a HY-130 steel plate before welding, with
torch in position for the first or root pass.
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gure 3$.09 View of water cooled trailer shield used for welding 7-2-1

2
Py

r

titanium test svpecimens.
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FIGURE 5./0
WELD GROOVE GEOMETRY

(OSED FOR WELDING HY-I3O AND
Ti-JAI-2Cb-1Ta., BOTU "€ 4" PLATES)

\(/50\7

\ / I
12
|

Ko— b= "/|‘

GROOVE NO. 1

‘;O

J |

(S B

~ /2 BACKUP STRIP (SHAJLATED R'B)

GROQVE NO.2

R
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6.0 CONCTUSIONS AND RECOMMENDATIONS

6.1 MIL-S-16216 (RY 130)

Heat treated to the 130-150 KSI yleld strength range and
protected vith a coating, MIL-S-16216 (HY 130) is a suitsble material for
a 90 knot hydreofoil construction.

6.2 MOSITE 60125

Uncured neoprene stock with a Shore A hardness of TO cured in
place ou the foil in an 0.080 inch thickness will resist 30 days exposure
to 90 knot ispingement erosion and czvitatior erosion of 150 fps velocity
in the NASL roteting disc test.

6.3 T1i TA1-2Cb-1Ta

Titani'm TA1-2Cb-1Ta is a desirsble material for hydrofoils in
toughnes. strength to weight ratio, and resistance to impingement and static
corrogion. It can be economically fabricated into foils by standard pro-
duction meth¢?s, The shortcomings of this ailay are that it has a lower
corrosior. fatigue life than expected, is subject to sétreas corrosion cracking
inder high stress coucentrations in a marine enviromment, and has a high
metal loss rate under severe cavitation conditions. The advantages
potentially avajlable in a titanium foll and strut thus cannot be obtained
vithout alloy modifications.

6.4 17-4PH_CASTINGS

Precipitation hardening ctainless steel 17-4PH castings with
the chemistry used in this program and given a H-1100 age {s a sultable
material £ - experimental foll castings.

6.9 CDAMCu CASTINGS

This auiivy stress corrosion cracks under a variety of heat
treatments and chemistries, 8o trat in {ts present state, it i» not suitable
fc.o experimental foils and struts vhich would be sudbject tc ccnstant stiressee,

ke o




L9,

15.

L1V VOUGHT AERONAUTICS DIVISION

T.0 REFERENCES

Hydrofoil Materials Research Program, Phase I Report. CVC Report
AER-E1R-13516, 30 June 1961,

Hydrofoil Materials Resecarch Program, Phase II Report, CVC Report
2-53100/2R-390, 15 May 1961.

Hydrofoil Materials Research Program, Phase II Supplemental
Testing Report. CVC Report 2-53100/3R-L54, 1 April 1963,
Revision A, 1 June 1963,

Danek, Genrge and Basil, Les, Sea Water Corrosion Behavior of
ACI CD & MCu Alloy. Marine Engineering Laboratory, August 196k.

Cavitation Damage Design Handbook. U. S. Naval Applied Science
laboratory, 30 September 1964,

Precipitation Hardening Corrosion R sistant Steels. USNEES
Report C-3H45, NS-013-094, 22 September 1949,

Fllis, 0. B. and LaQue, F. L., Area Effects {n Crevice Corrosion.
Corrosion, Vol. T, pp 362-3Ak, November 1951,

Private comunication rrom Armmco Steel Corporation,

o 17-4PH Giainless Steel. Armco Fabricating Data

Wrlding Ammc
15 September 17397,

Bulietin,

tonLtica Jor Fiioht Vehinles, MIL-HDBK-17.

rellirni, W. S. and Puzak, P. P., Factors That Determine the Applica-
btlity of Higlh Strcagth Quenched and Tempered Steels to Submarine Hull
Construction, Naval Research Lab Repert 5892, 5 December 1962

Hartaugn, K. H. and Fitzgerald, Hydrofoil Operations and
Devclopment Fxper! nce 13¥.0-1904, SNAME Spring Meeting, May 19o%,

Metallurgicai Charscicrisiics ol High Strength Stiructural Materials,
Filtn Quarcer.y Prougress Report. NRL, September 196k,

Motailurgical Tharecieristics 2 High Sirength Structural Mrteriels,
oixh wiArterly Progress Report, [.,, December 3w,

Ranaall, M. D., Monroe, R. E. and Rieppel, R. J.,Methods f
E.al.a‘ing Weld Join® . [IMIC Repor® it5, 29 December 19vi,

Hyirofoi. Coatings Researc!: Program. BuShit Contract NObs--xs50,
Cseror~, F. F. and Melicon, M. A., Nondimensional Buckling C:rves-

Their Development and Ariv:ication. Journal of the Aerospace
Sciences, Ocicber 19«4,




18.

19.

2l.

22,

a3.

2k,

25.

R pors o-5310CG/ 5R-2179
Page 7.7
LTV VOUGHT AERONAUTICS DIVISION

Gross, M. R., Investigation of the Fatigue Properties of
Sutmarine Hull Steels. USNEE Report 910178B, 31 March 1961.

Peterson, J. J., Fatigue Behavior of AM-350 Stainless Steel
and Titanium 8Al-1Mo-1V Sheet at Room Temperature, 550°F and
800°F. NASA CR, 23 May 196k4.

Fatigue and Crack Growth Properties of Butt Welds in Ti-T721 Alloy
Titanium Plate in a Salt Enviromment, US NASL, Lab Project
6377-5, Technical Memorandum #5.

Thiruvengadam, A., A Unified Theory of Cavitation Damage. Journal
of Basic Engineering, September 1963.

Lichtman, J. Z., Kallas, D. H., Chatten, C. K. and Cockran, C. P.,
Study of Corrosion and Cavitation Erosion Damege. ASME Transactions,
vol. 80, #8, August 1958.

Hohman, A. E. and Kennedy, W. L., Coatings to Protect High Speed
Hydrofoils, SNAME Spring Meeting, May 1965.

Porter, L. F., Rathbone, A.M., Rolfe, S. T., Delong, W. T., Dorschu,
K. B., and Wilcox, W., Sixth Progress Report: Development of an
HY-130/150 Weldment,United States Steel, {39.018-001)(Lk)(a-ORD-NP-3)
(s-10000-6) Merch 1, 1965.

Sorkin, George, Bureau of Ships and Willner, Abner, David Taylor Model
Basin, Titanium Alloys for Rydrospace Vehicles, Journal of Metals,
March 1961.




LTV VOUGHT AFKONAUTLCD 17V I2T N

APP, A, 2-53100,,R-?179
PAGE 1.00A

APPENDIX A

PHASE I AND II LATA SUMMARY

s Al E N sot bt Sl




1.0

2.0

LTV VOUGHT AFRONAUTICC DIVISION

APPENLIX A

TABLE OF CONTENTS

PHASE I DATA SUMMARY
1.1 INTRODUCTION
PHASE IT DATA SUMMARY

1 INTRODUCTION

2 TENSILE PROPERTTES

3 FRAC'IURE TOUGHNESS

.4 BFND DUCTILITY OF WELDS

5 §IATIC CORROSION

6 STRESS CORROSION
EROSTON-CORROSION

.8  CAVITATION-CORROSIGN

9 CORROSION-FATIGUE

.10 COATING SYSTFM TEST RESULTS
.10.1 STATIC IMMERSION

2 SEA WATER IMPINGEMENT

.3 CAVITATION-EROSION

L COATING AFTLICATION PROCEIURES

FJMMNMN'\)I\)NV\JI\)N'\)!\)
-1

I T o e T o R =

N
.

L02A
.02A
.OhA

.OLA
.05A
.12A

L1GA
164
Laba
LUGA
.51A
.55A
. 50A

. 58A

LT2A

T A

N G AR it

o)
-
&

4o}

7
B4

k]
“
3

R

a4 eV Wb |

U e




Al

a andtl” -
R ST S

BETRYE T O T SRR
.
I iy .

Vesee : .
nrr, [ boo,

’

FAGE ..UcA

1.0 PHASE 1 umTA SUMMARY

1.1 INTRODUCTION

A summary of the mos! significant parameters for
Ti-6A1-4V, T1-8BA1-2Cb-1Ta, AISI 4330M and HY 100 compi led during
the Phase I literature survey are presented in Table 1-1.
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2.0 PHASE II DATA SUMMARY

ol INTRODUCTION

The following tables and figures preasent all pertinent data
developed during Phase II and early Phase III testing for Ti GAl-4V,
T18A1-2Cb-1Ta, AIST L330OM and HY 130. This information is not considered
adequate for design purposes and should not be used as such. Every effort
has been made, however, to make all data presented as complete as possible
by including and referencing information concerning test method, heat
treatment procedures, welding procedures, material chemical camposition,
and coating application methods.

Section 2.5 has been expanded to include all sea water static
corrosfon data sccumulated during Phases I and ITI. Although most of the
dataare for materials not evaluated in Phase III, the amount and nature of
the data makes complete reporting imparative.

Section 2.10 includes static immersion, sea water impingement,
and cavitation-erosion data for all coating systems evaluated in Phase II.
Static immersion and cavitation-erosion tests were performed on a relatively
small number of coating systems and all details of the systems are included.
A large number of coating systems were tested for resistance Lo high
velocity sea water impingement, and, although complete details of each
system are not presented, sufficient information i{s included ito indicate
the general performance characteristics of the various systems when clascified
by generic type, thickness, hardness, surface preparation and application
method.
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2.2 TENSILE PRCPERTTES

Tensile properties “or 0.050 inch and 0.250 inch Phase II
steel and titanium alloys are presented in Table 2-1. These data vere
used to establish a base Line of 10 percent elongation in 2 inches from
vhich other properties of the material were compared and te obtain the

tensile yleld of 0.050 inch material for the cealibration of stress
corrosion specimens.

P
R

a2 AT BRI

Data presented in Tabl:s 2-2 and 2-3 vere obtained during

the Phase TI supplemental program to permit additional comparisons of
the materials.

Table 2-4 i{ndicates the effects of interstitial chemistry
and tempering temperature on the tensi{le properties of T 2Al-LV. Tubles
2-5 and 2-6 present data concerning the effects of tempering Lemperature
and time on the tensile properties of HY 130 and AISI 4330M.

5
H

Additional tensile data for Phase II] materials are presented
in Section 4,1 of the basic report.
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MBLE 2-5

TENSILE TEST DATA FOR UNWELDED HY 130 USING
VARIOUS TEMPERING TEMPERATURES AND TIMES

PRERRENSIRBRPS L Y I - IR T ST

TEMPERING TIME AT REDUCTION
'IESPERA'NRE TEMPERATURE Ft Peu ELONGATION IN AREA
(°F) (1) (RS. ) h | (xs1) (%)
1070 2 138.72 | 149.8 18.0 62.8
1070 8 127.1 138.3 19.0 66.0
1075 2 141,53 161.5 17.0 62.7
1080 2 138.3 1483 17.0 65.0
1080 4 116.3 137.9 20.0 70.5
1080 6 113.4 126.7 20.0 73.5
1085 2 136.0 160.3 17.5 63.2
1085 N 139.9 150.0 18.5 63.4
1090 2 136.0 147.8 18.0 6h4.1
1090 4 121.3 133.4 19.0 63.5
1095 2 132.90 2. ¢ 18.¢ 67.5
1095 6 116.8 130.3 19.5 0.5
1100 2 109.5 125.3 20.0 6.6
(1) Material quench hardened before tempering. See Table 4.17 for
compositions.
(2) Average values for 2 specimens except as noted. All specimens
1/2" dismeter.
(3) Average values for L specimens.
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TBLE 2-6

TENSILE TEST DATA FOR UMWELDED AISY 4330M
USING VARIOUS TEMPERING TEMPERATURES

TEMPERTNG REDUCTTON
TEMPERATURE F¢ Fey ELONGATION IN AREA
(F) (1) (st (K5T) (%) (%)

950 189.9° 198.4 14.8 55.0
1000 181.8 189.8 15.7 57.4
1050 185.1 163.8 16.0 57.1
1100 172.7 179.9 15.7 57.9
1200 131.1 42,1 18.3 62.3
1250 112.3 123.5 2.7 65.0

(1) Material received the following heat treatment before double
tempering for 4 hours at indicated temperature:

1550 - 1625°F

011 Quench

850°F - 2 hrs., air cool
85C°F - 2 hra., air cool
Weld (Above material not welded) g
825°F - ? hrs., air cool :
925°F - 2 hrs., air cool

|| e a0 o

See Table L-17 basic report for material composition.

(2) Average values for - specimens. All specimens 1,2" diemeter.
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2.3 FRACTURE TOUGHNESS

Fracture toughnesn ~havacteristics wvere determined by
Charpy V Notch impact t=st using a Tirus-Olsei Impact Tester hav.ng a
striking velocity of 16.5 ft./sec. Specimens were cooled in dry ice
and alcohol and the temperature checked with thermocouples. Screening
test data for unwelded and welded material at O°F are presented in
Tadle 2-7.

Drop-weight nil ductility tests were run on Ti GAl-4V and
the results reported in Table 3-4, reference 3; however, the test method
and results are somevhat questionable and the results are not considered
valid.

Additional fracture toughness for Phase III materials are
presented in Section 4.4 of the basic report.
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TABLE 2-7
CHARPY V NOTCH "MPACT DATA
(TEST TEMPERATURE - O°F)
—
AS™™ ENERGY BEND ANGLE
E 23-60 [ ABSOREED BEFORE
1) SPECIMEN | SPECIMEN | (FT.-LB.) FRACTURE TYPE FAILURE
MATERTAL! TYPE (2) TYPE (3) (DEGREES) (&) (5)
W (a,d,f) A (6) 6.7 3 Ductile
TT GAl-L4v U (a,d,f) A (T) 15.0 4 Ductile
W (a,d,f) A (7) 29 /8) 10 Ductile
TT B8AL-2CB-1TA | W (b,d,f) A (6) 14,5 b Ductile
AIST 4330M FOR (U (c,e,g) w (9) 5.0 T Ductile
CLADDING
W (a,d,f) A (6) 4.3 1 Mixed
. L
AIST 4330M FUH U (a,d,f) A (7) 16.0 Ductile
COATING W (e,d,r) A (T) 9.0 4 Mixed
U (c,e,g) W (9) 5.1 7 Ductile
HY 100 FOR W (a,d) A (6) 23.8 T Ductile
CCATING
(1) a. Heat treatment per Table 3.18, Reference 3.
b. Hot rolled and annealed.
¢. Heat treatment per Table 1, Appendix D; Reference 2,
d. Composition per Table 3.19, Reference 3.
e. Composition per Table 1, Appendix C; Reference 2.
f. Welding per Tables 3.39, 3.41 and 3.35, Reference 3.

€. Welding per Section 2.0, Apoendix D; Reference 2

(2) W - Welded, U - Unwelded
surfaces.

Nutch perpendicular to original material

(3) Bend angle dctermined per diagram:

7 Bend ngle §
Fracture ;

(5) Determined by fractured surface appearance and bend angle.

(6) Specimens 0.25" wide from 1/4L" plate,

oo R e o

(7) Specimens from 1" plate.
(8) Average of 2 specimens.

(9) Specimens from 1/4" plate. 3

bt vE

PSR
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2.4 BEND DUCTILITY OF WELDS

Bend tests were performed on Ti 6Al-4V to determine the
soundness of welds and the quality of fusion to the base metal. The
results are presented in Table 2-8.

Comparison of bend angles before fracture indicates a
significant decrease for the welded material, however, examination of
the specimens shows that plastic deformation was confined to the weld
material, but extended over a considerably larger distance for the
unwelded material. For this reason the results of this test are not
conzxdezed evidence of unacceptable mechanical properties of as-welded
Ti GAl-4V,
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TABLE 2-8

BEND TEST DATA FOR 1.0 INCH, UMWELDED AND
WELDED TI GAL-4v (1)

TYPE BEND ANGLE LOCATION
SPECIMEN SPECIMEN BEFORE FRACTURE OF
NUMBER (2) (DEGREES) (3) FATLURE
1 Unwelded 33° Parent Meial
(&) (6)
2 Unwelded 35° Parent Metal
3 Welded 20° Weld
(5) (6)(7)
A Welded 20° Weld

(1) Heat treatment per Table 3-18, Composition per Table 3-19 and
Welding per Table 3-15, reference 3.

(2) Svecimen 1" x 5" x 10" with transverse weld across 5" width.

(3) Bend angle before frac:ure (G ) meas red as “Hl.iows:

Z A

Q

Root of Weld

(4) Fyy = 138 Kst

(5) Fpy = 120 Ksi

(6) Approximately 9% neck-down on tension side of specimen.
(7) WMo defects detected in weld.
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2.5 STATIC CORROSION

2.5.1 Static corrosion specimens were tradricated by LTV for all
unclad and uncoated Phase II materials except CP T{ and exposed in sea
vater at the International Nickel Company's Harbor Island (Kure Beach)
Corrosion Laboratory, Wrightsville Peach, North Carolina. 7Iwo unwelded
(excluded for Hastellcy C) and two transverse welded specimens 4" x 12" x
1/4" were prepared for the following exposure periods.

a. Removed Monthly

b. 6 Months

c. 12 Months

d. 24 Months

e. 48 Months (not campleted)

After fabrication, specimens were marked vith material ard
specimen identification rumbere, vapor honed, weighed to the nearest
tenth of a gram and the length, width and average thickness determined.
At Harbor Island, specimens vere mcunted in test racks using non-metallic
insulators and immersed in sea wvater “elow the tidal zone.

2.5.2 SIMULATED MAINTENANCE CORROSION TESTS

Two unwelded and two welded specimens wvere removed f{rom
test every month for 1t months, thoroughly cleaned and examined ! cr
(1) corrosion rate, (2) pitting and crevice corrosion, (3) galvanic e re-tc
and (4) amount and type of fouling. The maximum, minimum nni averace wwier
temperatures during the test period were recorded and photograpns maie ol
significant damage. Specimens were then returned to test.

2.5.3 CONTINUOUS STATTC EXPOSURE

Specime..; I°r continiods exDOSuUre werse ~em~v i A the end
of the test periid, cleanei and cxamirci -0 foscricel ane o,
2.5.4 RESULTS

Static corrosion data for materials that shoved no pitting and
onily minor crevice corrosion damege are presented {n Tables 2- ‘hrough
2-15 for specimeans removed at monthly intervals and exposed cortinucusly
for 6, 12 and 2k months. Static corrosion rates for these materisls are
compared in Figure 2.i and typical epecimens aficr ivc years continuous
irmersior. are shown in Figures 2.3 and 2.4

Static corrosion data for materials that shoved considerable
pitting and crevice corrosion dsmage are presented in Tebles 2-16 through
2-27. Static corrosion veight losses for these materials are compared in
Figure 2.2. Corrosion rates are not shown because the rales vould be
misleading due to the un-uniform material loss of the specimens. K Nonel
and 17-APH sapecimens after tvo years continuous immersion are showm in
Pigure 2.5 and AM ,55 (Cast) snd CD & MCu (Cast) specimens after one year
continuous immers - are shown in Figure 2.6.




-]

LTV VOUGHT AERONAUTICS DIVISION

APP, A, 2-53100/5R-2179
PAGE 1.17A

The static corrosion data for specimens removed monthliy
Jor 18 months were extrapolated to 2k months assuming that expos.re
conditions and results (water temperature, fouling rate, weight .oss.
etc.) for the 18 to 24 month period would be the same as for the €
to 12 month exposure period. This extrapolation permitted a comparison
of 24 month continuous immersion data and data for mcnthly removal
specimens projected to 24 months.

Static immersion results for Phase II coating systems are

presented in Section 2.10.1, Appendix A and for Phase IIT coating systems
in Section 4.7 of the basic report.

Material compositions are showm in Tuble 1, Appendix C; heat
treatment in Table !, Appendix D; and welding procedures are outiined on
pages 4,03 through 4.20 c¢f reflerence 2.
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. PAGE, 1.25A j
MATERIAL AND TYPE MO. {
SPECIMEN TYPE EXPOSURE EXP
6 <
INCONEL 717 Continuous | 12 E
WELDED AND 24 ;
UNWELDED 6
Removed 12
Monthly 19
U
) ‘
INCONEL T18 Continuous 12 :
WELDED WITH 2k
RENE' 41 6
FILLER wm Removed 12 i
Monthly 18
-
6
Continuous | 12 ﬁ
TT 6AL-Lv 2k ‘
WELDED AND 6 :
UNMWELDED Removed 12 t
Monthly 18
(1) 2l !
6
Cotinuous 12
TI “AL-2CB-1TA 2k
WELDED AND 3
UNWELDED Renmoved 12
Monthly 18 t
(1) *
6
BERYLLTUM
COPPER Continuous 12
‘('Emrwgm%") 5 24 —»
UWBLDKDI Removed 12 A .
Monthly 18 Fo—
(1) «24 25—
HASTELIOY C Continuous ‘g
FOR CL.DDING =
ON HY 190 Renoved! 6
VELDED ONLY Monthly 12
(1) 18
HASTELIOY C Continuous 6
POR CLADDING 12
ON AISI 4330M Removed 6 '
WFLDFD ONLY Monthly 12
(1) 1
0 02 06 o8 os 1.0
*Extrapolated Value CORROSION RATE (MLS PER YEAR) i
(1) Cumulative vaiues :
FIGURE 2.1 STATTIC CCRROSION RATES
(%O PITTING AND MINGR CREVICE CORROSION)
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2.6 STRESS CORROSION
2.6.1 Bent beam stress corrosion specimens were fabricated from

0.050 inch material and exposed at the International Nickel Company's
Harbor Islsnd (Kure Beach) Corrosion Laboratory. The specimens were
stressed to approximately 90% of the 0.2% offset yleld strength as
determined by tensile test. Specimens were stressed in Jigs having a
fixed length of 7.000 inches and lengths were determined to place the
middle 1/3 of the specimen under the desired siress. Specimens were
exposed to sea water immersion only, sea water immersion for 6 months
and in the 80' lot, and in the 80' lot only.

Data for the initial tests of the titanium alloys and coated
and uncoated steel alloys are presented in Table 2-28. Additional tests
were run on welded, uncoated AISI 4330M in the 80' lot to determine if
the cracking reported in Table 2-28 was a result o1 stress corrosion or
welding. The results of these tests are reported in Teble 2-30.

2.6.2 Three and five inch diameter restrain welded 1/4 inch and
1.0 inch specimens of the Ti 6Al-4V and steel alloys were placed in the

80' lot to determine stress corrosion susceptibility. The residual stresses

in these specimers should more closely simulate the stresses to be
encointered in service than do the stresses in the bent beam specimens.
The rveults of these tests are shown in Table 2-29. Additional restrained
weld exgosure results for Phase III materials are presented in Section 4,5
o' the baslc report,

veny
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MBLE 2-30 (Continued)

(1) RHeat treatment per Teble 3-18, reference 3; Composition per Table 3-19
and Welding per Table 3-11, reference 3.

2) T - Transverse, L - Longitudinal

3) Middle 1/3 of specimen immersed.

h; Protected from atmosphere with polyethylene begs.

5) Approximately 90% of Fiy-
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2.7 EROSION-CORROS10N

Resistance of materials to high velocity sea water
impingement erosion-corrosion was determined using the LIV jet erosion
test facility located at the International Nickel Coampany's Harbor
Island (Kure Beach) Corrosion Laboratory, Wrightsville Beach, N.C.
Metal specimens 1/2 inch in dismeter and 1/4 inch thick vere mounted
in nylon holders and subjected to 90 knot sea water impingement for 30
days at an impiagement angle of 45°. Erosion-corrosion rates vere
determined from specimen weight loss during exposure. Coatings wvere

evaluated by coating AISI 4330M specimens of the same size as the nylea
holders. Results were determined visually.

o AT s

e

Erosion-corrosion data for steel and titanium alloys are
presented in Table 2-31. Results for Phase II coating systems are shown

in Section 2.10.2, Appendix A and for Phase III coating systems in
Section 4.7 of the besic report.
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2.8 CAVITATION-CORROSION

The cavitation-corrosion resistance of materials was
evaluated using the magnetostricture method at LTV and the rotating
disc test at NASL. Details and results of these tests are presented
in Tables 2-32 and 2-33. The magnetostricture data from Table 2-32
are plotted in Figure 2.7. The cavitation rates shown in Table 2-32
vere obtained from the straight line portion of these curves.

Ay PR b, Vel

Cavitation-erosion data for Phase II coating systems are
presented in Section 2.10.3 and for Phase III systems in Section 4.7
of the basic report.
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TABLE 2-32

(1)

MAGNETOSTRICTURE CAVITATION-CORROSION DATA

mmun‘a) TI 6AL-bvV TI 8AL-2CB-1™ AIST 4330 HY 100
FOR CLADDING FOR CLADDING
CUMULATIVE WT. LOSSES (MILLIGRAMS)
Sm. ml
TIME 1 1 2 1 2
15 Min. ] 0.4 — 2.8 bL,”
30 Min. o 0.9 — 5.7 1.1
4y Min. 0 1.1 8.4 17.7
1 Hr. 0.3 1.3 0.5 11.8 24 3
2 Hrs. 1.4 2.9 1.3 17.8 49,5
3 Hrs. 4,2 5.4 2.7 27.9 73.1
4 Hrs. 5.€ 6.4 L.3 35.3 91.0
5 Hrs. 8.1 8.5 6.3 Lks.? 105.4
9 Hrs. 10,1 2 k2 52.5 1.7
7 Hre. N V1. 1n, 2 S0 .-
? Yre. 1.1 - tE ‘
i
Siabilized 5 A - - - ?
Rate (Mg Hr.) " : - <
—
Rate . o . - ‘ ;
(Inches/Year) 0.848 0. 0060 C.h .00 R i
T j
Hardness Rc-15 Rc-T% Rc- 2+ Rb-< !
| !
i
(i) Double "mpli-ude - 0.001 (nches. Freq.ency - 22,00 CPS, Sea water ¢
Temperature - 2 ¢t F. Spr-imen - 7 .62 {rcn qiameter dithed. i
*hi~kness varied wi'h materiai densily so !'nat mil specimens :nftisily ;

= oner “wbie |

« S, re’srerce [,

i ve .ghed 'he same.
(2) Heal treaums:.* per Talle [, Apperiix D; Comno- '

Aprerndix C; eand e ldins rer T« Lo R
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M™MBLE 2-33
Y
ROTATING DISC CAVITATION-CornosTON pama()
CAVITATION-CORROSION RAT® (ul/hr)
WATER VEIZCTTY [(PP8]

MATERIAL HARDNESS TYPE 100 125 150
11 6aL-by(?) Re-35 Sea 0 0.2 0.48
T 8AL-2CB-1T Re-26 Sea 0 Scrubbing 0.51

(2)

AISI L330M MR Rc-38 Fresh Scrubbing C.11 ¥o tent(3)
CLADDING (2)
AISI 4330M FOR Rc-36 Sea 8crubbing 0.09 1.1
CLADDING (2)
AIST 4330M FPOR | Re-bh Sea Scrubbing Scrubbding 0.33
COATING
AISI 1016 MILD Lb-65 Fresh 0.1 0.17 1.70
STREL (4)
AISI 1016 MILD | Rb-65 Sea 0.1 0.28 2.27
STEERL (&)

(1) Naval Applied Science Laboratory Rotating Disc Test.

Water Pressure - 15 PSIG.

Shaft Speed - 3200 RPM.

Water Type Flov Rate (GPM) Inlet Temp. (°F) Qutlet Tesp. (°F)
Sea 7.8 S0 58
Fresh 9.5 65 T2

All specimens except AISI 1016 were 1.0 inch x 0.050 inch inserts bonded
in SAE 1020 discs.

(2) lieat treatment per Table 1, Appendix D; Composition per Table 1, Appendix C;
and Welding per Section 2.0, Appendix D, reference 2.

{3} 1Insert lost during test.

(4) Date included for camparison only.
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2.9 CORROSTON-FATIGUE

Rotating beam corrosion-fatigue tests were performed by
the International Nickel Company at the Harbor Island (Kure Beach)
Corrosion Laboratory, Test procedures and results are shown in Table
2-34 for the titanium alloys and ATISI 4330M. Additional corrosion-
fatigue data are presented in Sections 4.3 and 4.5 of the basic report.
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2.10 COATING SYSTEM TEST RESULTS

2.10,1 STATIC IMMERSION

Sea wvater immersion tests of coating systems were performed
much in the came manner as previously described in Section 2.5, Appendix A
for uncoated materials. Weight gains and losses were recorded for coated
specimens during eech reporting period, however, evaluation was accom-
plished by visual observation.

Results for the two primary coating systems evaluated in
Phase II are presented in Table 2-35. The specimens removed at monthly
intervals are shown in Figure 2.8 and 2.9.

Because of the rapid degradation of 17-4PH (R 1025) and

H 1075) in Phase II static corrosion tests, additional welded 17-4PH

H 1025) specimens were exposed (1) Uncoated, (2) 100% Neoprene Coated,

3) 95% Neoprene Coated and {4) 90% Neoprene Coated. These specimens were
exposed to determine if (1) the previcus Phase II static corrosion data
for welded 17-UPH (H 1025) were reproducible and (2) to determine if the
static corrosion damage to welded 17-4PH (H 1025) was reduced when the
material was exposed fully coated and 5 and 10% of the surface area
uncoated. The results of these tests, presented in Tables 2-36 and 2-37,
indicate both of the above points are true. The condition of one specimen
of each type after the 12th monthly removal is shown in Figure 2.10.

The GAEC #1012/Magna Laminac X-500 PC(H)-1 coating system was
also exposed to static immersion test. The results are presented in Table
2-38 and the condition of specimens after the 12th monthly removal and 12
months continuous immersion are shown in Figure 2.11.

Static immersion data for Phase III coating systems are
included in Section 4.7 of the basic report.
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TABLE 2-37 (CONTINUED)

Heat treatment per Taole 1, Appendix D, Compoﬁition per Table 1,
Appendix C and Welding per Section 2.0, Appendix D, reference 2.

See page 1. 74A for coating application procedure.

Specimens removed, cleaned, inspected and returned to test each
month.

See Figure 2.10.
Not Reported

Cut edge refers to edge of coating adjacent 1o uncoated area.
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2.10.2 SEA WATER IMPINGFMENT
Phase II coating systems were subjected to 90 knot sea
water impingement as described in Section 2.7, Appendix A. Details of

the coating systems anc iest results are presented in Table 2-39,

Results of 90 knot sea water tests on Phase III
coating systems are shown in Section 4.7 of the basic report.
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2.10.3 CAVITATION-EROSION

NASL rotating disc cavitation tests were run on twwo
Phase II coating systems. Details of the coating systems, test
procedure and results are shown in Table 2-40,

Rotating disc cavitation-erosion results for Phase III
coatings are presented in Section L.7 of the bwsic report.
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2.0 COATING APPLICATION PROCFINJHES

Z.10.4,1 Tre coated stati{c {mmersion specimens indica‘ed ‘n Tav.e -39
were prepared as follows.

A. AIST L330M
1. Application of Mosites 1500

8. (Grit blast all surfaces.

b. Vapor degrease

¢. Brush on thin coat of Mosites 1500 primer, air
dry 15 minutes at room temverature and 15 minutes at 160°F, cool.

d. Brush on thin coat of Mosites 1500 adhesive, air
dry 15 minutes at room temperature and 15 minutes at 160°F, cool.

e. RO'1 20 mil, Mosites 1500 calendered polyurethane
sheet on one (1) flat surface and all edges.

f. Vacuum bag and cure 1 hour in autoclave at 310°F
and 50 psig.

2. Application of Coast Pro-Scal 777P and 793
Grit blast uncoated surface.

Solvent wipe.
¢. Spray on thin co=at of 7/7P primer, air dry

o ®

30 minutes.

d. Wipe edges of Mosities 1500 wi:h toluene, air
dry 15 minutes,

e. Apply five (5), L mil coats o /9y on uncoated
surface and edges. Alr dry U 1o 106 hours beiween coa'sr. Cure ~ lasys at
room lemperature,

1. Mosites A0125

a. QCrit blast all surraces.

b. Vapor degrease.

¢. Brush apply a thin coat of Mos{tes 0125 primer
air dry 15 minutes at room .emperature and 15 minutes at 160°F.

d. Brush apply a thin coat of Mcsites 90125 adhes{ve,
air Ary 1S minutes at room temperature and 15 mi- _.tes at 160°F.

e. Roll 20 mils Mcz!*-. 901295 calendered neoprene
sheet on all surfaces, overlapping on one surface ard sealing along ende.

?. Vecuum bag and cure 1 hour in autoclave a* 3.C°F
and 50 psig.

2.10.4.2 The coated static immersion specimens indicated in Tables -3¢
and ¢-37 vere prepared as follovs.

A. 100%, 95% and 90% neoprene coated, velded .7-LPH (H 1029

1. Crit blast all surfaces.

2. Vapor degrease.
3. Mask 0.4 {nch x 12 inch srea along edge for iwvo %%
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W, ReLgr arry om0 cpec o0 Tom Uroo s
or. Al ~ur‘mces o he ~oated atr try o mic e,

G, Rell 7 omtle Mogites "5 10 “A'enters !l re prece crnoc
on all nurtaces o be coated., Jserlap eoitrane ¢n one L .rUACEH Dl ‘e
two 100% coatad speciment sii remal enis o' m.! specimens,

‘. Vacom bag Aand c.re D onour dn oaltociace a' ICTF Aani
50 psig.

7. Femove masking ‘rom 29% and 0% coate! specimerns and
solvent wipe uncoa‘ed areas,

B. The welded ! -<PH (H 102%) without coating we~e varcr
hcned orior to exposure.

2.10.4.3 The coatirg application procedure for the GARCH#LO12/Laminar
X-500 coated specimens indicated in Tabtle 2-38 was not furnished with the

specimens.




